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ABSTRACT  
 
Carbon dioxide (CO2) is a thermodynamically stable gas owing to its inherent colourless, 
odourless and inflammable nature. At low concentrations (~1000 ppm) it is considered 
harmless, however at higher concentrations (>20000 ppm), it significantly affects the 
respiratory system. In recent years, the health hazards of CO2 have forced government and 
environmental safety bodies around the world to introduce stern rules to curb CO2 emission 
from major anthropogenic sources. In this context, efficient and selective detection of CO2 
gas has gained considerable interest as it is the first step to emission reduction of this 
greenhouse pollutant. To date, metal oxide based sensors have shown promising potential in 
gas sensing applications as they can be easily miniaturized, has defect tuned facile synthesis 
and high structural stability necessary in harsh testing conditions.  However, the major issue 
of using them for CO2 sensing applications is their lack of sensitivity and selectivity towards 
the gas at the desired operating temperatures. This doctoral project centres around the 
development of metal oxides based CO2 gas sensors that can detect low concentrations 
(<1000 ppm) in the presence of oxidising co-interfering gases such as NO2, SO2, CO and NO 
at various operating temperatures.  
The initial stage of this doctoral work deals with comprehensive literature review that 
revealed challenging inadequacies in the existing sensor materials synthesis and fabrication 
techniques. Furthermore, important semiconductor materials that have not yet been explored 
towards CO2 but have shown sensing capabilities towards similar oxidising gases were 
studied for the first time. In an attempt to address the research questions developed during the 
course of study, potentiometric and chemo-resistive micro-sensors were fabricated as a case 
study to successfully develop a set of sensitive and selective CO2 gas sensors operating from 
100 to 500oC for range of potential applications. Among the CO2 sensors, potentiometric 
sensors are extensively tried in sectors requiring sensors operating efficiently at temperature 
above 400oC. Unlike the conventional potentiometric sensors using commercially procured 
sensitive materials, the sensor developed in this work was fabricated out of nanomaterials in a 
bid to improve its electrochemical stability. In case of chemo-resistive gas sensors, various 
hierarchical n-type metal oxide semiconductors (ZnO, SnO2 and BaTiO3) were synthesized 
and decorated with Ag@CuO to target CO2 application, where an operating temperature less 
than 300oC is required. The chosen n-type metal oxides were selected based on their band-
gap, work function, and charge carrier concentration. Carbonising ability of CuO in the 
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presence of CO2 and catalytic role of Ag in expediting the CO2 sensing phenomenon were the 
sole reasons for the decoration of n-type MOS with Ag@CuO. Plausible formation 
mechanism in each case was proposed based on the nucleation and crystal growth supported 
by physicochemical characterizations techniques. Both types of the developed sensors were 
tested towards CO2 gas concentrations (100-10000 ppm) as a function of operating 
temperature (40-700°C) and their influence on sensor performance (i.e. sensitivity, 
selectivity, long-term stability, response/recovery times, dynamic range, repeatability and 
reusability) were thoroughly investigated. The probable CO2 sensing mechanism has also 
been attempted by corroborating sensing performance with in-situ spectroscopic techniques.  
The results demonstrated in this work were found to be encouraging and is anticipated to 
pave way for intensified research efforts in CO2 sensor development for real industrial 
applications. For example, the nanostructured potentiometric CO2 composing of Li4Ti5O12 
octahedra showed enhanced response compared to commercial sensor, thus standing strong 
chance as real-time sensor. Among the n-type MOS tested, Ag@CuO/BaTiO3 showed 
exceptional sensing performance and the sensing mechanism were determined by employing 
in-situ DRIFTS technique.  The sensors developed in this doctoral work are anticipated to be 
suitable for industrial applications requiring low operating temperatures and detection limits. 
The methods, materials and devices presented in this thesis have potential to be explored 
further, not only for CO2 based sensing but also many other applications such as visible light 
driven dye degradation, supercapacitors and so on. 
 
 
 
 
 
 
 
 
 
 
viii 
 
TABLE OF CONTENTS 
Acknowledgements……………………………………………...…………………………...iv 
Abstract………………………………………………………...……………………………vii 
List of Figures…………………………………………………………..…………………...xv 
List of Tables………………………………………………………………...…………….xxvi 
List of Abbreviations/Symbols……………………………………………...…………..xxviii 
 
Chapter 1: Introduction……………………………………………………...………………..1 
1.1 Motivation……………………………………………………..…………………………..2 
1.2 Objectives………………………………………………………...………………………..4 
1.3 Research Outcomes and Author’s Achievement……………………………………...…...5 
1.4 Thesis Organization……………………………………...………………………………...8 
References………………………………………..…………………………………………..10 
 
Chapter 2: Literature Review and Research Rationale……………………………………...12 
2.1 Carbon Dioxide (CO2)……………………………………………...…………………….13 
2.1.1 CO2 Natural Sources………………………………………………...…………………14 
2.1.2 CO2 Anthropogenic Sources………………………………………...…………………14 
2.1.3 Benevolent Role of CO2 in Nature………………………………...…………………...15 
2.1.4 CO2 Hazards………………………………………………………..………….……….15 
2.2 Available CO2 Gas Sensing Techniques…………………………………………………16 
2.2.1 Nondispersive Infrared (NDIR) Sensors………………………………………………17 
2.2.2 Colorimetric & Refractometric Fiber Optic Sensors…………………………………...18 
2.2.3 Surface Plasmon Resonance (SPR) Sensors…………………………………………...19 
2.2.4 Surface Acoustic Wave (SAW) Sensor………………………………………………...20 
2.2.5 Quartz Crystal Microbalance (QCM) Sensors…………………………………………21 
2.2.6 Micro-cantilevers Sensors……………………………………………………………...22 
2.2.7 Chemo-resistive/capacitive Gas Sensors……………………………………………….22 
2.2.8 Potentiometric Gas Sensors…………………………………………………………….27 
2.3 Summary and Conclusions……………………………………………………………….33 
References………...………………………………………………………….………………35 
 
 
ix 
 
Chapter 3: Experimental Setup……………………………………………………………..44 
3.1. Overview………………………………………………………………………………...45 
3.2. Synthesis Methods……………………………………………………………………….45 
3.2.1. Hydrothermal Method…………………………………………………………………46 
3.2.2 Co-precipitation Method……………………………………………………………….47 
3.2.3 Wet Impregnation Method……………………………………………………………..47 
3.2.4 Sol-gel Method…………………………………………………………………………48 
3.3. Materials Characterization Techniques………………………………………………….49 
3.3.1. Thermogravimetric Differential Thermal Analysis (TG-DTA)……………………….49 
3.3.2. High Temperature (HT-XRD) and Powder (P-XRD) X-Ray Diffraction Technique…49  
3.3.3. High Resolution Transmission Electron Microscopy (HR-TEM)…………………….50 
3.3.4. Field Emission Scanning Electron Microscopy (FE-SEM) and Energy Dispersive X-ray 
Spectroscopy (EDS)………...………………………………………………………………..50 
3.3.5. Fourier Transform Infrared Spectroscopy (FT-IR)……………………………………50 
3.3.6. micro-Raman Spectroscopy…………………………………………………………...51 
3.3.7. Photoluminescence Spectroscopy……………………………………………………..51 
3.3.8. BET Surface Area & BJH Pore Size Distribution Analysis…………………………...51 
3.3.9 X-ray Photoelectron Spectroscopy……………………………………………………..51 
3.3.10 Electrical Characterization……………………………………………………………52 
3.4 CO2 Gas Sensing Performance…………………………………………………………...52 
3.4.1 Potentiometric Sensor Set-up and Fabrication…………………………………………53 
3.4.2 Chemoresistive Sensor Set-up and Fabrication………………………………………...55 
3.4.3 Pre-treatment…………………………………………………………………………...56 
3.4.4 Temperature Profile…………………………………………………………………….57 
3.4.5 Optimization of Sensitive Material…………………………………………………….57 
3.4.6 Cross Interference and Repeatability Test……………………………………………...59 
3.5 Proposed Gas Sensing Mechanism……………………………………………………….59  
3.6 Summary and Conclusions……………………………………………………………….60  
References………………………………………………………………...………………….61 
 
Chapter 4: Investigating Li4Ti5O12 Octahedra as Reference Electrode Material in 
Nanostructured Potentiometric CO2 Sensor………………………………………….............63 
4.1. Introduction……………………………………………………………………………...64 
4.2. Materials and Methods…………………………………………………………………..65 
x 
 
4.2.1 Chemicals………………………………………………………………………………65 
4.2.2 Reference Electrode Material…………………………………………………………..66 
4.2.2.1 Preparation of Li4Ti5O12 Octahedra………………………………………………….66 
4.2.2.2 Preparation of hierarchical 3D TiO2 microspheres…………………………………..66  
4.2.3 Sensing Electrode Material…………………………………………………………….67  
4.2.3.1 Preparation of Li2CO3 flakes…………………………………………………………67 
4.2.3.2 Preparation of BaCO3 rods…………………………………………………………...67 
4.2.4 Solid Electrolyte Material……………………………………………………………...67 
4.3. Results and Discussion…………………………………………………………………..68 
4.3.1 Phase Formation and Morphological Evolution of Li4Ti5O12 Octahedra………………69 
4.3.1.1 Thermo-gravimetric and differential thermal analysis……………………………….69 
4.3.1.2 X-ray diffraction analysis…………………………………………………………….70 
4.3.1.3 micro-Raman spectral analysis……………………………………………………….74 
4.3.1.4 Fourier-transform infrared analysis…………………………………………………..75 
4.3.1.5 X-ray photoelectron spectroscopic analysis………………………………………….76 
4.3.1.6 Scanning Electron microscope (SEM) analysis……………………………………...77 
4.3.2 Effect of Control Experiment Conditions……………………………………………...78 
4.3.2.1 CTAB Concentration…………………………………………………………………78 
4.3.2.2 Hydrothermal Reaction Time………………………………………………………...80  
4.3.2.3 Hydrothermal Reaction Temperature………………………………………………...80 
4.3.3 Growth Mechanism of Octahedral Li4Ti5O12 Nanoparticles…………………………...81 
4.3.4 Crystallinity and Morphology of TiO2 used as an Additive in Reference Electrode…..83  
4.3.5 Crystallinity and Morphology of Li2CO3 + BaCO3 (10 mol.%) used as Sensing 
Electrode……………………………………………………………………………………...84  
4.3.6 Crystallinity and Morphology of Li3PO4 + SiO2 (5 mol.%) used as Solid Electrolyte...87 
4.3.7. Potentiometric CO2 Gas Sensor Response Characteristics……………………………89 
4.3.7.1 Sensing Mechanism…………………………………………………………………..90 
4.3.7.2 Sensor Response Characteristics……………………………………………………..91 
4.4. Summary and Conclusions………………………………………………………………96 
References……………………………………………………………………………………99 
 
Chapter 5: Investigating Hierarchical Ag@CuO/ZnO Interleaved Assemblies for their CO2 
Gas Sensing Performance.......................................................................................................103 
5.1. Introduction……………………………………………………………………………104 
xi 
 
5.2. Materials and Methods…………………………………………………………………105 
5.2.1 Chemicals……………………………………………………………………………..105 
5.2.2 Preparation of ZnO Microspheres…………………………………………………….106  
5.2.3 Decoration with CuO Microleaves……………………………………………………106 
5.2.4 Functionalization with Silver Nanoparticles………………………………………….106 
5.3. Results and Discussion…………………………………………………………………107 
5.3.1 Physicochemical and Morphological Evaluations of ZHC and ZnO Microspheres….107 
5.3.1.1 Thermo-gravimetric & Differential Thermal (TG-DTA) Analysis…………………107 
5.3.1.2 X-ray diffraction (XRD) Analysis…………………………………………………..108 
5.3.1.3 Influence of Synthesis Reaction Conditions………………………………………..110 
5.3.1.3.1 Concentration of Tri-sodium Citrate……………………………………………...110  
5.3.1.3.2 Concentration of Urea…………………………………………………………….112 
5.3.1.3.3 Hydrothermal Reaction Temperature……………………………………………..113 
5.3.1.3.4 Hydrothermal Reaction Time……………………………………………………..115 
5.3.1.3.5 Calcination Time………………………………………………………………….117 
5.3.1.4 Surface Area Analysis………………………………………………………………118 
5.3.2 Physicochemical Characterization of Ag@CuO/ZnO nanocomposite.........................120 
5.3.2.1 Thermo-gravimetric & Differential Thermal (TG-DTA) Analysis…………………120 
5.3.2.2 X-ray diffraction (XRD) Analysis…………………………………………………..121 
5.3.2.3 Electron Microscopy Analysis……………………………………………………...122 
5.3.2.4 X-ray Photo-electron spectroscopy (XPS) Analysis………………………………..124 
5.3.3. Chemo-Resistive based CO2 Gas Sensing Performance……………………………..127 
5.3.3.1 Sensor Response Characteristics……………………………………………………127 
5.3.3.2 Plausible Sensing Mechanism Discussion………………………………………….134 
5.4. Summary and Conclusions……………………………………………………………..139 
References…………………………………………………………………………………..141 
 
Chapter 6: Investigating Ag@CuO:Cu2O/SnO2 Nanocomposites for their Improved CO2 Gas 
Sensing Performance………………………………………………………………………..143 
6.1. Introduction………………………………………………………………………….....144 
6.2. Materials and Methods………………………………………………………………....145 
6.2.1. Chemicals……………………………………………………………………..……...146 
6.2.2. Synthesis of SnO2 Nanospheres……………………………………………………...146  
6.2.3. Synthesis of CuO:Cu2O/SnO2 Nanocomposite………………………………………146 
xii 
 
6.2.4. Functionalization with Silver Nanoparticles……………………………..…………..147 
6.3. Results and Discussion…………………………………………………………………147 
6.3.1. Ag@CuO:Cu2O/SnO2 Nanocomposite Characterization.............................................148 
6.3.1.1 Thermo-gravimetric & Differential Thermal (TG-DTA) Analysis…………………148 
6.3.1.2 X-ray diffraction (XRD) Analysis…………………………………………………..149 
6.3.1.3 micro-Raman Spectral Analysis…………………………………………………….152 
6.3.1.4 Fourier Transform Infrared (FT-IR) Analysis………………………………………153 
6.3.1.5 Photoluminescence (PL) Analysis…………………………………………………..154 
6.3.1.6 Barrett-Joyner-Halenda (BJH) & Brunauer-Emmett-Teller (BET) Analysis………156 
6.3.1.7. X-ray Photo-electron spectroscopy (XPS) Analysis……………………………….157 
6.3.1.8 Morphological Evaluation of CuO:Cu2O/SnO2 nanocomposite……………………158 
6.3.2 Chemo-resistive CO2 Gas Sensing Performance……………………………………...165 
6.3.2.1 Sensor Response Characteristics……………………………………………………165 
6.3.2.2 Plausible Sensing Mechanism Discussion………………………………………….171 
6.4 Summary and Conclusions……………………………………………………………...173 
References…………………………………………………………………………………..175 
 
Chapter 7: Investigating Ag@CuO/BaTiO3 Nanocomposites and their Ultra-Sensitive CO2 
Gas Sensing Performance…………………………………………………………………...179 
7.1. Introduction…………………………………………………………………………….180  
7.2. Materials and Methods…………………………………………………………………181 
7.2.1 Chemicals……………………………………………………………………………..181 
7.2.2 Preparation of BaTiO3 Spheroids……………………………………………………..182 
7.2.3 Decoration with CuO micro-leaves…………………………………………………...182 
7.2.4 Functionalization with Silver Nanoparticles………………………………………….183 
7.3. Results and Discussions………………………………………………………………..183 
7.3.1 Crystal Structure and Morphological Evaluations of Prolated BaTiO3 Spheroids…...183 
7.3.1.1 Thermo-gravimetric & Differential Thermal (TG-DTA) Analysis…………………184 
7.3.1.2 X-ray diffraction (XRD) Analysis…………………………………………………..184 
7.3.1.3 Influence of Synthesis Reaction Conditions………………………………………..186 
7.3.1.3.1 Hydrothermal Reaction Temperature……………………………………………..186 
7.3.1.3.2 Hydrothermal Reaction Time……………………………………………………..188 
7.3.1.3.3 Tween 80 Concentration………………………………………………………….190 
7.3.1.3.4 Growth Mechanism of Prolated BaTiO3 Spheroids……………………………….192 
xiii 
 
7.3.1.4 micro-Raman Spectral Analysis…………………………………………………….193 
7.3.1.5 X-ray Photo-electron spectroscopy (XPS) Analysis………………………………..194 
7.3.1.6 Electron Microscopy Analysis……………………………………………………...197 
7.3.2 Physicochemical Characterization of CuO/BaTiO3 nanocomposites………………...198 
7.3.2.1 Thermo-gravimetric & Differential Thermal (TG-DTA) Analysis…………………199 
7.3.2.2 X-ray diffraction (XRD) Analysis…………………………………………………..199 
7.3.2.3 X-ray Photo-electron spectroscopy (XPS) Analysis………………………………..202 
7.3.2.4 Electron Microscopy Analysis……………………………………………………...205 
7.3.3. Chemo-Resistive CO2 Gas Sensing Performances…………………………………...206 
7.3.3.1 Sensor Response Characteristics……………………………………………………206  
7.3.3.2 Plausible Sensing Mechanism………………………………………………………214  
7.4. Summary and Conclusions……………………………………………………………..219 
References…………………………………………………………………………………..221 
 
Chapter 8: Conclusions and Future Work…………………………………………………225 
8.1 Summary………………………………………………………………………………..226 
8.2 Conclusions……………………………………………………………………………..228 
8.3 Recommended Future Work……………………………………………………………231 
 
 
 
 
 
 
 
 
 
 
 
xiv 
 
LIST OF FIGURES 
Figure 2.1: Schematic illustration of sensor element structure……………………………...29 
Figure 3.1: Schematic illustration of hydrothermal autoclave………………………………46 
Figure 3.2: Analogy in hydrothermal based nanomaterials synthesis route………………...47 
Figure 3.3: Analogy in co-precipitation based materials synthesis route…………………...47 
Figure 3.4: Schematic illustrating the sensor element fabrication…………………………..54 
Figure 3.5: Experimental set-up for potentiometric CO2 gas sensor………………………...55 
Figure 3.6: Chemoresistive sensor element (a) bare element and (b) Ag@CuO/BaTiO3 
coated element (Where, 1-4 and 2-3 are for resistance monitoring and heater connections 
respectively)………………………………………………………………………………….56 
Figure 3.7: Experimental set-up for chemoresistive CO2 gas sensor………………………..57 
Figure 4.1: Schematic illustrating the potentiometric sensor structure……………………...68 
Figure 4.2: TG-DTA trace of intermediate LiTiO2 phase i.e. ternary Li-Ti-O phase obtained 
by hydrothermal treatment of TiO2 at 180 oC for 24 h in LiOH solution……………………70 
Figure 4.3: Spinel Li4Ti5O12 octahedra synthesis scheme……………………………….......70 
Figure 4.4:  Representative stacked X-ray diffractograms of (i) Ternary Li-Ti-O phase 
obtained by hydrothermal treatment of TiO2 at 180oC for 24 h in LiOH solution (ii) spinel 
Li4Ti5O12 synthesized by calcining the Li-Ti-O phase at 600oC for 2 h…………………......72 
Figure 4.5: X-ray diffraction patterns of (i) intermediate ternary phase LiTiO2 achieved 
hydrothermally 180oC for 24 h, (ii) spinel Li4Ti5O12 when changing CTAB concentration, 
from (a) no CTAB to (b) 5 mmoles, (c) 10 mmoles, (d) 15 mmoles and (e) 20 mmoles for 
both the materials…………………………………………………………………………….72 
Figure 4.6: X-ray diffraction patterns of (i) an intermediate ternary phase LiTiO2 at 180oC 
and (ii) spinel Li4Ti5O12 with a constant CTAB content of 10 mmoles and changing 
hydrothermal reaction time to (a) 6 h, (b) 12 h, (c) 24 h, (d) 36 h and (e) 48 h……………..73 
Figure 4.7: X-ray diffraction patterns of (i) an intermediate ternary phase LiTiO2 and (ii) 
spinel Li4Ti5O12 as a function of hydrothermal reaction temperature with 10 mmol CTAB 
concentration and 24 h reaction time at (a) 100oC, (b) 120oC, (c) 140oC, (d) 160oC, (e) 180oC 
and (f) 200oC............................................................................................................................73 
Figure 4.8: Representative stacked micro-Raman spectra of (i) ternary Li-Ti-O phase 
obtained by hydrothermal treatment of TiO2 at 180oC for 24 h in LiOH solution (ii) spinel 
Li4Ti5O12 synthesized by calcining the Li-Ti-O phase at 600oC for 2 h……………………..75 
xv 
 
Figure 4.9: mid-FTIR spectra where (i) ternary Li-Ti-O phase obtained by hydrothermal 
treatment of TiO2 at 180oC for 24 h in LiOH solution and (ii) spinel Li4Ti5O12 synthesized by 
calcining the Li-Ti-O phase at 600oC for 2 h…………………………………………….......76 
Figure 4.10: X-ray photoelectron spectra of spinel Li4Ti5O12 synthesized by calcining the  
Li-Ti-O complex at 600oC for 2 h where, (a) survey spectrum and (b) O 1s region (c) Li 1s 
region and (d) Ti 2p region………………………………………………………………......77 
Figure 4.11: Electron micrographs of typical octahedra in scanning mode (a-c) ternary 
intermediate LiTiO2 phase, (d-e) low magnification view of spinel Li4Ti5O12, and (f) high 
magnification image depicting a Li4Ti5O12 octahedron with side edge length 
~30 nm…………......................................................................................................................78 
Figure 4.12: Morphological evolution of the spinel Li4Ti5O12 octahedra as a function of 
CTAB concentrations in mmoles at 180oC for 24 h represented by electron micrographs. The 
images refer to CTAB contents in mmoles of (a) 0, (b) 5, (c) 10, (d) 15, (e) 20 and (f) 
25……………..........................................................................................................................79 
Figure 4.13:  Morphological evolution of the spinel Li4Ti5O12 octahedra as a function of 
reaction time with 10 mmoles CTAB concentration and 180oC hydrothermal reaction 
temperature represented by electron micrographs, (a) 1 h, (b) 6 h, (c) 12 h, (d) 24 h, (e) 36 h 
and (f) 48 h…...........................................................................................................................80 
Figure 4.14: Morphological evolution of the spinel Li4Ti5O12 octahedra as a function of 
hydrothermal reaction temperature with 10 mmoles CTAB concentration and 24 h reaction 
time represented by electron micrographs, (a) 100oC, (b) 120oC, (c) 140oC, (d) 160oC, (e) 
180oC and (f) 200oC………………………………………………………………………….81 
Figure 4.15: X-ray diffractograms of 3D TiO2 microspheres…………………………….....83 
Figure 4.16: Series of electron micrographs depicting 3D TiO2 hierarchical spheres………83 
Figure 4.17: Clockwise (a) Electron micrograph evincing true area of reference electrode 
material that is, Li4Ti5O12 and TiO2 mixed manually in 90:10 mol.% ratio used for elemental 
quantification, (b) Image showing the layers, elemental maps revealing uniform presence of 
(c) titanium (Ti), (d) oxygen (O), (e) carbon (C) throughout the sample, (f) EDS spectra…84  
Figure 4.18: X-ray diffractograms of 2D Li2CO3 flakes and 1D BaCO3 rods……………....85 
Figure 4.19: Series of electron micrographs depicting 2D Li2CO3 flakes…………………..85 
Figure 4.20: Series of electron micrographs depicting 1D BaCO3 rods………………….....85 
Figure 4.21: Clockwise (a) electron micrograph evincing true area of sensing electrode 
material that is, Li2CO3 mixed manually with BaCO3 in 90:10 mol.% ratio used for elemental 
xvi 
 
quantification, (b) a layered image, elemental maps revealing uniform presence of (c) barium 
(Ba), (d) oxygen (O), (e) carbon (C) throughout the sample, (f) EDS spectra………………86 
Figure 4.22: FE-SEM micrographs showing (a) sensing electrodes oxide mixtures before 
sintering which clearly show heterocontact between 1D BaCO3 rods and 2D LiCO3 flakes, 
(b) reference electrodes oxide mixtures before sintering, 3D TiO2 microspheres with 
Li4Ti5O12 octahedra………………………………………………………………………......87 
Figure 4.23: FE-SEM micrographs showing (a) sensing electrodes oxide mixtures sintered at 
600oC for 1 h. Here arrows point at 1D BaCO3 rods forming hetero-contact with 2D LiCO3 
flakes, (b) reference electrodes oxide mixtures sintered at 700oC for 1 h………………......87 
Figure 4.24: X-ray diffractograms of Li3PO4 + SiO2 (5 mol.%) (a) before sintering wherein, 
the commercial Li3PO4 and SiO2 bulk powders were ball milled using distilled water at 
300 rpm for 10 h, centrifuged and dried overnight at 80oC, (b) after sintering at 800oC for 
8 h.............................................................................................................................................88 
Figure 4.25: FE-SEM micrographs of Li3PO4 + SiO2 (5 mol.%), (a) before and (b) after 
sintering at 800oC for 8 h at a heating and cooling rate of 2oC/min……………………….....88  
Figure 4.26: EDS analysis of Li3PO4 + SiO2 (5 mol.%) oxide mixture, (a) before and (b) 
after sintering at 800oC for 8 h. Here it was observed that Figure (b) shows peak due to silver 
that was used as electrical contacts………………………………………………….....…….89 
Figure 4.27: Variation of EMF at different temperatures as a function of CO2 gas 
concentration and (b) dependence of ΔEMF/decade on working temperatures in dry 
condition...................................................................................................................................92 
Figure 4.28: Comparative plots of the sensor characteristics of NP-sensor and CP-sensor at 
constant working temperature of 500oC (a) transient response of potentiometric CO2 sensor 
(b) electromotive force (EMF) as a function of CO2 gas concentration and (c-d) Response 
and recovery characteristics of NP-sensor towards CO2 gas in dry air. Insert shows the 
response and recovery time of CP-sensor respectively.…………………….........…………..94 
Figure 4.29: Long-term stability towards 100 ppm CO2 gas balanced with synthetic air at a 
constant working temperature of 500oC…………………………………...........……………95 
Figure 5.1: TG-DTA trace of zinc hydroxide carbonate (ZHC) precursor synthesized via a 
one-step hydrothermal route at 120oC for 6 h…………………………………...…....…….108 
Figure 5.2: in-situ high-temperature powder X-ray diffraction pattern of zinc hydroxide 
carbonate precursor at 120oC for 6 h. HT-XRD at 40oC spectrum at the top is taken after 
completion of heating cycle at 320oC.……………………………………………......…….109 
xvii 
 
Figure 5.3: High magnification micrographs in scanning mode of synthesized ZHC precursor 
at 120oC for 6 h when using tri-sodium citrate concentration of (a) 0 mmoles (b) 
0.05 mmoles, (c) 0.1 mmoles, (d) 0.2 mmoles and (d) 0.3 mmoles during the reaction while 
keeping urea concentration constant at 6 mmoles. Insert in each image shows feature taken at 
high magnification………………………………………………………………………...110 
Figure 5.4: X-ray diffraction patterns obtained at different tri-sodium citrate concentrations 
where (a) ZHC precursor synthesized at 120oC for 6 h and (b) ZHC precursor post 
calcination at 400oC for 2 h, while keeping urea concentration constant at 
6 mmoles……………………...............................................................................................111 
Figure 5.5: High magnification micrographs in scanning mode of synthesized ZHC precursor 
at 120oC for 6 h when using urea concentration of (a) 1 mmoles (b) 2 mmoles, (c) 4 mmoles 
and (d) 6 mmoles, during the reaction while keeping tri-sodium concentration constant at 
0.3 mmoles. Insert in each image shows feature taken at high 
magnification………………..................................................................................................112 
Figure 5.6: X-ray diffraction patterns obtained at different concentration of urea where (a) 
ZHC precursor synthesized at 120oC for 6 h and (b) ZHC precursor post calcination at 400oC 
for 2 h, while keeping tri-sodium concentration constant at 0.3 mmoles…………….....….113 
Figure 5.7: High magnification micrographs in scanning mode of synthesized ZHC precursor 
at tri-sodium citrate and urea concentration as 0.3 mmoles and 6 mmoles, respectively for 6 h 
at different hydrothermal reaction temperatures where (a) 80oC (b) 100oC, (c) 120oC (d) 
140oC, (d) 160oC and (f) 180oC. Insert in each image shows feature taken at high 
magnification…….............................................................................................................….114 
Figure 5.8: X-ray diffraction patterns obtained at different hydrothermal reaction 
temperatures where (a) synthesized ZHC precursor and (b) ZHC samples post calcination at 
400oC for 2 h……………………………………………………………………………….115 
Figure 5.9: High magnification micrographs in scanning mode of synthesized ZHC precursor 
at 120oC with tri-sodium citrate and urea concentration as 0.3 mmoles and 6 mmoles at 
different hydrothermal reaction time where (a) 1 h (b) 3 h, (c) 6 h (d) 9 h, (d) 12 h and (f) 
24 h. Insert in each image shows feature taken at high magnification…………………...116 
Figure 5.10: X-ray diffraction patterns obtained at different hydrothermal reaction time 
where (a) synthesized ZHC precursor and (b) ZHC precursor post calcination at 400oC for 
2 h…………………………………………………………..……………………………….117 
Figure 5.11: Low and high magnification electron micrographs in scanning mode depicting 
(a-b) zinc hydroxide carbonate (ZHC) precursor obtained by hydrothermal reaction at 120°C 
xviii 
 
for 6 h. Pure ZnO hierarchical interleaved assembly at different calcination temperature for 
2 h (c-d) 300oC (e-f) 400oC and (g-h) 500oC……………………………………………….118 
Figure 5.12:  N2 adsorption–desorption Barret-Joyner-Halenda (BJH) isotherms of 
hierarchical ZnO microspheres. Insert: Corresponding BJH pore size 
distributions…………………….......................................................................................….119  
Figure 5.13: TG-DTA trace of CZ-1:1 under ambient air atmosphere. Other samples with 
different CuO/ZnO ratios had similar TG-DTA traces associated with 
them………...........................................................................................................………….121 
Figure 5.14: Representative stacked X-ray diffraction patterns of pure ZnO obtained after 
calcination at 400oC for 2h, pure CuO and ZnO decorated with CuO in various mole ratios at 
50oC for 15 h to form composite……………………………......…………………………..122 
Figure 5.15: Micrographs in scanning and transmission mode where (a-b) ZnO microspheres 
achieved post calcination at 400oC for 2 h, (c-d) CuO microleaves (e-f) CuO/ZnO 
nanocomposite showing closely formed heterocontact between CuO and ZnO. Insert shows 
selected area electron diffraction (SAED) patterns of ZnO, CuO and the CuO/ZnO composite 
(CZ-1:1). Yellow circle and pink arrow point towards ZnO and CuO respectively……..…123 
Figure 5.16: (a) Scanning electron micrograph revealing the actual area of CuO/ZnO 
composite used for elemental quantification, (b) layered EDS micrograph, elemental maps 
demonstrate uniform presence of (c) zinc (Zn), (d) copper (Cu), (e) oxygen (O), (f) silver 
(Ag) and (g) energy dispersive X-ray spectroscopy analysis of CuO/ZnO composite (CZ-1:1) 
decorated with 5 wt.%Ag…………………………………………………………………..124 
Figure 5.17: Stacked XPS spectrum of (a) pure ZnO, (b) pure CuO, (c) CZ-1:1 and (d)         
1 wt%Ag-CZ-1:1……………………………………………………….......……………….125 
Figure 5.18: Representative XPS core level spectra of CZ-1:1 impregnated with 1 wt.% Ag, 
(a) Ag 3d, (b) Zn 2p, (c) Cu 2p and (d) O 1s…………………………………….....………126 
Figure 5.19: Sensor response characteristics of (a) control and ZnO samples with different 
CuO composition ratios when tested towards 10000 ppm CO2 gas and (b) CZ-1:8 composite 
as a function of operating temperature towards different CO2 gas concentrations…...…….128 
Figure 5.20: Sensor response characteristics of (a) CZ-1:8 composite as a function of 
operating temperature for different weight percentages of Ag towards 1000 ppm CO2 gas and 
(b) control and ZnO samples with different CuO composition ratios as a function of CO2 gas 
concentration at 320oC……………………………………………………….......…………129 
Figure 5.21: (a) Dynamic profiles upon exposure to different CO2 gas concentrations and (b) 
response and recovery transient curves at 320oC……………………………………..........130 
xix 
 
Figure 5.22: (a) Cross-selectivity studies measured 5 consecutive times ad fitted with 
standard deviation (±σ) as error bar in presence of various oxidizing gases with concentration 
of each gas being 1000 ppm balanced in air and (b) long-term stability and repeatability 
performance measured over 400 data points calculated from the sensors response when 
exposed to 1000 ppm of CO2 gas concentration (All studies were performed at 
320oC)………………………......................................................................................……...131 
Figure 5.23: Sensor response versus CO2 gas concentration fitted with standard deviation 
(±σ) as error bar measured at 320oC………………………………………………….......…133 
Figure 5.24: Representative stacked plot of X-ray diffraction patterns of CZ-1:8 (a) before 
and (b) after 40 days CO2 gas sensing………………………………………….......………133 
Figure 5.25: TEM micrographs of CZ-1:8 composite (a) before and (b) after 40 days of CO2 
sensing……………………………………………………………..………………………..134 
Figure 5.26: DRIFTS measurement of CZ-1:8 composite, where the spectra was collected in 
each case 10 mins (a) room temperature (b) in absence of CO2 gas at 200oC, (c) in presence 
of CO2 gas (response curve) at 200oC, (d) room temperature in absence of CO2 gas (recovery 
curve)………………………………………………………………………...……………...136 
Figure 5.27: CO2 gas sensing mechanism at interleaved Ag@CuO/ZnO heterojunction.....137 
Figure 5.28: Localized I-V traces obtained from conducting AFM technique demonstrating 
the typical diode behaviour with rectifying characteristics……………………….....……...138 
Figure 6.1: Synthesis route employed to achieve Ag@CuO:Cu2O/SnO2 
nanocomposite........................................................................................................................147 
Figure 6.2: TG-DTA trace under air atmosphere of CS-1:1 nanocomposite synthesized via 
hydrothermal route at 180oC for 3 h………………………………………...………………149 
Figure 6.3: Representative stacked plot of X-ray diffraction patterns of as-synthesized (a) 
Porous SnO2 nanospheres, SnO2 decorated with copper oxides to form nanocomposite in 
various mole ratios (b) CS-1:8, (c) CS-1:4, (d) CS-1:2 and (e) CS-1:1………………….....150 
Figure 6.4: Powder X-ray diffractograms of CuO:Cu2O/SnO2 nanocomposites obtained at 
180oC for 3 h via hydrothermal route, (a) in 1.5:1 and (b) in 2:1 mole ratio. [SnO2 - Space 
group: P42/mmm, JCPDS card no. 21-1250, CuO - Space group: C2/c (15), JCPDS card 
no. 80-0076, Cu2O - Space group: Pn3�m (224), JCPDS card no. 77-0199 and Cu10Sn3 -
 Space group: P63 (173), JCPDS card no. 65-2064]……………………………...………...151   
Figure 6.5: Powder X-ray diffraction of mixed phase copper oxide obtained at 180oC for 3 h 
via hydrothermal route (Space group: C2/c (15), JCPDS card no. 80-0076)…………….…152  
xx 
 
Figure 6.6: Stacked micro-Raman spectra of (i) pure SnO2 nanospheres and (ii) CS-1:1 
composite obtained at 180oC for 3 h via hydrothermal route depicting characteristic 
modes……………………………………………………………………………………......153  
Figure 6.7: mid-FTIR spectra of as-synthesized (i) Pure SnO2 nanospheres, (ii) Mixed phase 
copper oxide and (iii) CS-1:1…………………………………………………………….....154 
Figure 6.8:  Photoluminescence spectrum of pure SnO2 and CS-1:1 composite excited at 
350 nm (* represents peak due to Xenon lamp)……………………………………………155 
Figure 6.9: N2 adsorption–desorption Barret-Joyner-Halenda (BJH) isotherms of CS-1:1 
nanocomposite. Insert: Corresponding BJH pore size distributions………………………156 
Figure 6.10: X-ray photoelectron spectra of CS-1:1 nanocomposite where, (a) survey 
spectrum, (b) Sn 3d, (c) Cu 2p and (d) O 1s………………………………………………158 
Figure 6.11: FE-SEM micrograph of pure SnO2 nanospheres…………………………..…159 
Figure 6.12: Structural evaluation was carried out using TEM, FE-SEM and HR-TEM of 
CS-1:1 nanocomposite, (a-b) Representative TEM and FE-SEM micrographs demonstrates 
nearly monodispersed nanospheres, (c) low magnification image, (d-e) high magnification 
TEM micrographs revealing hierarchical heterostructures and (f) HR-TEM 
image…………………………………………………………………………………..……160 
Figure 6.13: (a) Electron micrograph evincing true area used for elemental quantification of 
CS-1:1, (b) EDS layered image, elemental maps revealing uniform presence of (c) tin (Sn), 
(d) copper (Cu), (e) oxygen (O) throughout the sample, (f) EDS analysis…………….…...161 
Figure 6.14: Elemental quantification of CS-1:2 nanocomposite…………………...……..162 
Figure 6.15: (a-c) Representative FE-SEM micrographs of CS-1.5:1 nanocomposite….…163 
Figure 6.16: (a-c) Representative FE-SEM micrographs of CS-2:1 nanocomposite…...….163  
Figure 6.17: Electron micrographs revealing hierarchical nature of mixed phase copper 
oxides………………………………………………………………………………...……...164 
Figure 6.18:  High magnification TEM micrographs revealing silver (5 wt.%) dispersion on 
the CS-1:1 nanocomposite. Red arrows points Ag nanoflakes on the composite………….165 
Figure 6.19: Sensor response characteristics of (a) control and SnO2 samples with different 
CuO composition ratios when tested towards 1000 ppm CO2 gas and (b) CS-1:1 composite as 
a function of operating temperature towards different CO2 gas concentrations………….166 
Figure 6.20: Sensor response characteristics of (a) CS-1:1 composite as a function of 
operating temperature for different weight percentages of Ag towards 1000 ppm CO2 gas and 
(b) control and SnO2 samples with different CuO composition ratios as a function of CO2 gas 
concentration at 300oC……………………………………………………………………...167 
xxi 
 
Figure 6.21: (a) Dynamic profiles upon exposure to different CO2 gas concentrations and (b) 
Response and recovery transient curves towards 1000 ppm CO2 gas (All studies were 
performed at 300oC)………………………………………………………………………...168 
Figure 6.22: (a) Cross sensitivity test in presence of various oxidizing gases with 
concentration of each gas being 1000 ppm balanced in air and (b) long-term stability and 
repeatability performance measured over 600 data points calculated from the sensors 
response when exposed to 1000 ppm of CO2 gas concentration at 300oC………………….169 
Figure 6.23: Sensor response versus CO2 gas concentration fitted with standard deviation as 
error bar measured at 300oC…………………………………………………………...……170 
Figure 6.24 Representative in-situ UV-diffuse reflectance spectra of 1 wt.%Ag-CS-1:1 
nanocomposite…………………………………………………………………………...….171 
Figure 7.1: TG-DTA trace of BaTiO3 powder synthesized via hydrothermal route at 200oC 
for 24 h with Tween concentration 10 mM……………………………………………........184 
Figure 7.2: (a) Powder X-ray diffraction pattern of as-synthesized BaTiO3 at 200oC for 24 h 
with 10 mM Tween 80 concentration and (b) Magnified view in the 2Ɵ~44-47o 
range……...........................................................................................................................…185 
Figure 7.3: in-situ high temperature powder X-ray diffraction pattern of as-synthesized 
BaTiO3 at 200oC for 24 h with 10 mM Tween 80 concentration. HT-XRD at 40oC spectrum 
at the top is taken after completion of heating cycle at 320oC…………………………...186 
Figure 7.4: X-ray diffraction patterns of synthesized BaTiO3 obtained at 24 h and with 
Tween 80 concentration of 10 mM at different hydrothermal temperatures where (a) 80oC, 
(b) 110oC, (c) 140oC, (d) 170oC, (e) 200oC and (f) 230oC……………………………….…187 
Figure 7.5: Representative electron micrographs in transmission mode of BaTiO3 
nanostructures obtained after 24 h reaction time containing Tween 80 concentration of 
10 mM at hydrothermal temperatures of (a) 80oC, (b) 110oC, (c) 140oC, (d) 170oC, (e) 200oC 
and (f) 230oC.....................................................................................................................…188 
Figure 7.6: X-ray diffraction patterns of synthesized BaTiO3 obtained at 200oC with Tween 
80 concentration of 10 mM at different hydrothermal reaction times where (a) 1 h, (b) 3 h, (c) 
6 h, (d) 12 h, (e) 24 h and (f) 48 h………………………………………………………......189 
Figure 7.7: Representative electron micrographs in transmission mode of BaTiO3 
nanostructures obtained at 200oC with Tween 80 concentration of 10 mM at different 
hydrothermal reaction times, where (a) 1 h, (b) 3 h, (c) 6 h, (d) 12 h, (e) 24 h and (f) 
48 h.........................................................................................................................................190 
xxii 
 
Figure 7.8: X-ray diffraction patterns of synthesized BaTiO3 obtained at 200oC for 24 h at 
different Tween 80 concentrations where (a) 14 mM, (b) 12 mM, (c) 10 mM, (d) 8 mM, (e) 
6 mM, (f) 3 mM, (g) 1 mM and (h) 0 mM………………………………………….............191 
Figure 7.9: Representative electron micrographs in transmission mode of BaTiO3 
nanostructures obtained at 200oC for 24 h at Tween 80 concentrations of (a) 14 mM, (b) 
12 mM, (c) 10 mM, (d) 8 mM, (e) 6 mM (f) 3 mM, (g) 1 mM and (h) 0 mM……………..192 
Figure 7.10: micro-Raman spectrum of as-synthesized BaTiO3 at 200oC for 24 h with 
10 mM Tween 80 concentration…………………………………………………......……...194 
Figure 7.11: Survey spectrum of as-synthesized BaTiO3 at 200oC for 24 h with a Tween 80 
concentration of 10 mM…………………………………………………………..........…...195 
Figure 7.12:  X-ray photoelectron spectroscopy of as-synthesized BaTiO3 at 200oC for 24 h 
with a Tween 80 concentration of 10 mM presented as (a) Ba 3d, (b) O 1s (c) C 1s and (d) Ti 
2p……………………………………………………………………………………..……..196 
Figure 7.13: (a-c) Series of electron micrographs in transmission mode taken at high and low 
magnifications, (d) SAED pattern and (e) a high-resolution image revealing tetragonal crystal 
structure of BaTiO3 spheroids synthesized at 200oC for 24 h with Tween 80 concentration of 
10 mM………………………………………………………………………………..……..197 
Figure 7.14: (a) Electron micrograph evincing true area of BaTiO3 spheroids used for 
elemental quantification. Elemental maps demonstrate uniform presence of (b) barium (Ba), 
(c) titanium (Ti) and (d) oxygen (O) throughout the sample while the (e) EDS survey spectra 
shows the presence and relative intensity from each element. The table at the bottom right-
hand corner presents the weight percentages of each element as obtained from the survey 
spectra……………………………………………………………………………...………..198 
Figure 7.15: TG-DTA trace of CuO/BaTiO3 nanocomposite in equimole ratio in ambient air 
atmosphere……………………………………………………………………...…………...199 
Figure 7.16: Representative stacked plot of X-ray diffraction patterns of as-synthesized (a) 
pure BaTiO3, further decoration of BaTiO3 with CuO to form p-type CuO/n-type BaTiO3 
nanocomposites in various mole ratios of (b) 1:100, (c) 1:50, (d) 1:8, (e) 1:4, (f) 1:2, (g) 1:1, 
(h) 1.25:1, (i) 1.5:1……………………………………………………………………….....200  
Figure 7.17: Powder X-ray diffraction of CuO obtained at 70oC for 24 h via co-precipitation 
route……………………...................................................................................................….201 
Figure 7.18: in-situ high temperature powder X-ray diffraction pattern of CuO/BaTiO3 
nanocomposites in equimole ratio. HT-XRD at 40oC spectrum at the top is taken after 
completion of heating cycle at 320oC.………………………………………………….......202 
xxiii 
 
Figure 7.19: A stacked X-ray photoelectron spectra of pure BaTiO3 spheroids, CuO/BaTiO3 
spheroids in equimole ratio and the equimole mole ratio CuO/BaTiO3 nanocomposite 
impregnated with 1 wt.% Ag……………………………………...………………………...203 
Figure 7.20:  XPS spectra showing (a) Ba 3d, (b) Ti 2p, (c) Cu 2p and (d) Ag 3d core levels 
for the equimole mole ratio CuO/BaTiO3 nanocomposite……………….…………………204 
Figure 7.21: Electron microscopy images in scanning and transmission mode. (a) pure CuO 
microleaves, (b-c) BaTiO3 spheroids decorated with CuO microleaves in equimole ratio and 
(d) a high-resolution transmission electron micrograph revealing p/n heterocontact between 
CuO and BaTiO3………………………………………………….......…………………….205 
Figure 7.22: (a) Electron micrograph evincing true area of CB-1:1 nanocomposite used for 
elemental quantification. Elemental maps demonstrates uniform presence of (b) barium (Ba), 
(c) titanium (Ti), (d) copper (Cu), (e) oxygen (O) throughout the sample and (f) EDS 
analysis………………………………………………………………………..…………….206 
Figure 7.23: Sensor response characteristics, (a) as a function of operating temperature for 
different sensitive layer compositions towards 1000 ppm CO2 gas, (b) as a function of 
operating temperature for different CO2 gas concentrations for CB-1:1, (c) as a function of 
operating temperature for different weight percentages of Ag impregnated CB-1:1 
nanocomposite and (d) as a function of CO2 gas concentration at an operating temperature of 
120oC…………………………………………………………………………………...…...208 
Figure 7.24: (a) Dynamic profiles upon exposure to different CO2 gas concentrations, (b) 
Response and recovery transient curves (c) cross sensitivity test against various oxidizing 
gases with concentration of each gas was 500 ppm balanced in air at 120oC measured for 5 
consecutive times and fitted with standard error (±σ), and (d) long-term stability and 
repeatability performance………………………………………………………………….210 
Figure 7.25: (a) Bar plot depicting sensor response and recovery times towards various CO2 
gas concentrations at 120oC fitted with standard deviation (±σ) measured for three 
consecutive times and (b) sensor response versus CO2 gas concentration fitted with standard 
deviation as error bar………………………………………………………………..………211 
Figure 7.26: Representative stacked plot of X-ray diffraction patterns of as-synthesized (a) 
pure BaTiO3, further decoration of BaTiO3 with CuO to form p-type CuO/n-type BaTiO3 
nanocomposites in various mole ratios, where (b) 1:100, (c) 1:50, (d) 1:8, (e) 1:4, (f) 1:2, (g) 
1:1, (h) 1.25:1, (i) 1.5:1 obtained after CO2 gas sensing……………………………………214 
Figure 7.27: TEM micrographs of CB-1:1 nanocomposite after 180 days of CO2 
sensing…................................................................................................................................214 
xxiv 
 
Figure 7.28: Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) of CB-
1:1 where spectra is collected at (a) room temperature (b) 180oC in absence of CO2 gas, (c) 
180oC in presence of CO2 gas, (d) room temperature in absence of CO2 gas…………......216 
Figure 7.29: Schematic illustration of energy band structures of p-CuO, n-BaTiO3 and 
CuO/BaTiO3 nanocomposite in presence of CO2 gas. Where Ec, Ev and Ef are the conduction 
band, valence band and Fermi energy, denoted by subscript c and b for CuO and BaTiO3 
respectively.………………………………......…………………………………………….217 
Figure 7.30: Current-voltage (I-V) characteristic for CuO/BaTiO3 composite in 1:1 mole 
ratio decorated with 1 wt.% Ag. Insert shows schematic of p-CuO/n-BaTiO3 diode……218 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xxv 
 
LIST OF TABLES 
Table 2.1: Summary of physical-chemical properties of CO2 gas…………………..………13 
Table 2.2: Summary of catalog specifications of commercial NDIR CO2 sensors operating in 
temperature range from 30 to 60oC………………………………………………………..…18 
Table 2.3: Summary of colorimetric (C) and refractometric (R) sensors for CO2 gas detection 
operating at room temperature…………………………………………………………….....19 
Table 2.4: Summary of surface enhanced plasmon resonance based CO2 sensors……….....20 
Table 2.5: Summary of few selected reports on SAW CO2 sensors operating at room 
temperature………………………………………………………………………………...…21 
Table 2.6: Summary of few selected published work on micro-cantilever based CO2 
sensors……………………………………………………………………………………..…22 
Table 2.7: Summary of MOS based chemo-resistive/chemo-capacitive CO2 gas sensors…..24 
Table 2.8: Summary of electronic properties of the n-type metal oxide semiconductors…...26 
Table 2.9: Summary of type III potentiometric CO2 sensors…………………………..……31 
Table 3.1: Summation of sensitive materials, their morphology and the synthesis methods 
employed………………………………………………………………………………..……45 
Table 3.2: Phase stability observed as a function of optimum temperature……………...….49 
Table 3.3: Optimum stabilization temperature for sensitive materials………………...…….57 
Table 3.4: Amount of copper acetate monohydrate precursor used to decorate 0.5 g of 
BaTiO3 to synthesize the sensitive layer in various CuO compositions………………….….58 
Table 3.5: Amount of silver nitrate precursor used to decorate 0.5 g of CuO/BaTiO3 (CB-1:1) 
nanocomposite to synthesize the sensitive layer in various Ag compositions………..……...59 
Table 4.1: Synthesized nanomaterials and procured bulk counterparts used for NP-sensor and 
CP-sensor fabrication (# symbolizes commercial materials procured from Sigma-Aldrich or 
Alfa Aesar)………………………………………………………………………………..….68 
Table 4.2: Sensing properties of nanostructured potentiometric CO2 sensor (NP-sensor) at 
different operating temperatures as a function of CO2 gas concentration in dry condition. 
Where T.S and E.S are theoretical and experimental sensitivities)………………….……...92 
Table 4.3: Sensing properties of nanostructured potentiometric CO2 sensor (NP-sensor) at a 
500oC in dry and wet conditions………………………………………………………..……95 
Table 4.4: Sensing properties of commercial potentiometric CO2 sensor (CP-sensor) at 500oC 
in dry and wet conditions……………………………………………………………..……...95 
Table 5.1: Summary of surface area for ZnO microspheres………………………..……...119                           
xxvi 
 
Table 5.2: Sensor characteristics as a function of CO2 gas concentration for CZ-1:8 
calculated from the data presented in Figures 5.21.a…………………………………….…130 
Table 5.3: Sensor characteristics as a function CO2 gas concentration for 1 wt.%Ag-CZ-1:8 
calculated from the data presented in Figures 5.21.a…………………………………….....130 
Table 5.4: Sensor characteristics calculated from the data presented in Figures 5.20-5.21 
(The 400 data points are calculated from the sensors response when exposed to 1000 ppm of 
CO2 gas concentration at 320oC)……………………………………………………………132  
Table 6.1: Sensor characteristics as a function of CO2 gas concentration for CS-1:1 
calculated from the data presented in Figures 6.21a………………………………………..168 
Table 6.2: Sensor characteristics as a function CO2 gas concentration for 1 wt.%Ag-CS-1:1 
calculated from the data presented in Figures 6.21a……………………………………..…168 
Table 6.3: Sensor characteristics calculated from the data presented in Figures 6.20-6.21 
(The 600 data points are calculated from the sensors response when exposed to 1000 ppm of 
CO2 gas concentration at 300oC)……………………………………………………………170 
Table 7.1: Sensor characteristics calculated from the data presented in Figures 7.23-7.24 
(The data points are calculated from the sensors response when exposed to 700 ppm of CO2 
gas concentration at 120oC)…………………………………………………………………211 
Table 7.2: Summary of calculated values of limit of detection (LoD)…………………......212 
Table 7.3: Comparison of gas sensor characteristics of CuO/BaTiO3 nanocomposite between 
the present work and thick/thin film based sensors reported in the literature………….…...213 
Table 8.1 A summary of Ag@CuO based n-type MOS chemo-resistive sensors developed 
during the course of doctoral work………………………………………….........................229 
Table 8.2 A summary of sensor characteristics calculated for the chemo-resistive CO2 
sensors investigated during this doctoral work………………………………………….….230 
 
 
 
 
 
 
 
 
 
 
xxvii 
 
LIST OF ABBREVIATIONS/SYMBOLS 
Abbreviations/Symbols        Meaning 
XRD                                       X-ray Diffraction 
HT-XRD                                High-Temperature X-ray Diffraction 
FE-SEM                                 Field Emission Scanning Electron Microscopy 
TEM                                       Transmission Electron Microscopy 
HR-TEM                                High Resolution Transmission Electron Microscopy 
EDS                                        Energy Dispersive X-ray Spectroscopy 
FTIR                                       Fourier Transform Infrared Spectroscopy 
DRIFTS                                  Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
UV-DRS                                 Ultra Violet Diffuse Reflectance Spectroscopy 
XPS                                        X-ray Photoelectron Spectroscopy 
PL                                           Photoluminescence Spectroscopy 
TG-DTA                                 Thermogravimetric & Differential Thermal Analysis 
ppm                                         Parts per million  
MOS                                        Metal Oxide Semiconductor 
LoD                                         Limit of Detection 
CoV                                         Co-efficient of Variance  
CO2                                          Carbon Dioxide 
CO                                           Carbon Monoxide 
NO                                           Nitric Oxide 
NO2                                          Nitrogen Dioxide 
SO2                                          Sulphur Dioxide 
Li+                                            Lithium Ion 
Na+                                           Sodium Ion 
CuO                                         Copper (II) oxide 
Ag                                            Silver 
ZnO                                          Zinc oxide 
SnO2                                         Tin Dioxide 
BaTiO3                                      Barium Titanate 
σ                                               Standard Deviation 
xxviii 
 
Chapter 1 
Introduction 
This chapter details the introduction and general background for the research activities 
presented in this thesis work. This chapter is divided into subsections addressing the research 
motivations, objectives, author's achievements and the thesis organisation. 
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1.1 MOTIVATION 
Carbon dioxide (CO2) is a thermodynamically stable and chemically inert gas. Under 
normal atmospheric conditions it is a colourless, odourless and inflammable gas.1 However, 
CO2 is one of the most significant greenhouse gases in the earth’s atmosphere and in recent 
decades its concentration has increased owing to anthropogenic emissions (such as industrial 
emissions, fossil fuels and deforestation etc).2 Interestingly, at mild pressures and 
temperatures, it dissolves in water to form carbonic acid and hence, it plays a critical role in 
ocean acidification.2 CO2 is also categorized as a strong asphyxiant and is known to cause 
hypercapnia, which is one of the causative factors in sudden infant death syndrome.3 Further, 
it is recognized to be hazardous to human health in many other ways, for example, it causes 
wheezing (>20000 ppm), tremors and loss of consciousness (>100000 ppm) and death 
(>250000 ppm).4-5 Early detection of CO2 gas to a certain extent helps in overcoming natural 
and anthropogenic hazards. In this context, over last few decades a surge in research activities 
towards developing cost-effective and highly sensitive CO2 gas detection and monitoring 
systems in indoor/outdoor applications has been observed.  
Commercially available technology which is widely being used for CO2 gas detection 
within industrial processes are based on spectroscopic techniques. This is commonly the basis 
for many non-dispersive infrared sensors.6 This technique involves the absorption of specific 
wavelength infrared radiation by CO2 gas molecules and is highly suitable for detecting CO2 
in the low concentration range. However, there are some major disadvantages that are 
associated with these technologies, when they are employed beyond laboratory conditions as 
they have the tendency to suffer from cross-sensitivity issues when interfering compounds 
(such as SO2, NO2 and H2O) are present in the environment or sample.7-8 Additionally, 
spectroscopic based instruments are expensive, complex, bulky and typically require skilled 
operators to supervise their operation. 9 
In this context, the current research trend is focussed on the development of micro-sensors 
for CO2 gas detection, as they have the potential to overcome the shortcomings that are 
associated with conventional spectroscopic based techniques. Among the various types of 
micro-sensors developed, potentiometric CO2 sensors have been widely documented as they 
exhibit exceptional selectivity, high sensitivity and superior response/recovery times.10-15 
This is primarily attributed to the gas sensing mechanism which is dependent on single ion 
(For example, Na+ or Li+) transport phenomenon taking place in the presence of the target 
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gas.16 Although, potentiometric sensors show exceptional sensing performance, they have 
certain disadvantages such as high working temperatures (>400oC) and complex sensor 
fabrication processes, thus contributing to their limited application. To an extent, these 
inadequacies can be overcome by the use of metal oxide semiconductor (MOS) based chemo-
resistive sensors. This is due to MOS sensitive layers being easy to fabricate, their stability 
and simplistic operational requirements allow flexibility in design and enable superior 
sensing phenomenon that occur on their sensitive surface in presence of target gas. These 
merits are achieved but at the cost of poor selectivity, low stability and high operating 
temperatures.17-20 However lately many reports have been documented overcoming these 
hurdles.21-23 These reports mainly include controllable synthesis of MOS to achieve desired 
morphologies and their functionalization with other metal oxides and noble metals for 
synergistic and unique catalytic properties. However, little emphasis has been placed on 
development of novel materials specifically for chemo-resistive based CO2 gas sensors. 
Interestingly, it was observed that the CO2 based sensing studies reported in the literature 
rarely investigated critical parameters that determine the feasibility of MOS based sensors 
from a real application and commercialization viewpoints. These parameters include: 
 The effect of cross interference (i.e. selectivity performance) of the sensors towards CO2 
gas in presence of common gas species such as sulphur dioxide (SO2), nitrogen dioxide 
(NO2), carbon monoxide (CO) and nitric oxide (NO). 
 The effect of the operating temperatures as a function of sensing performance in terms of 
sensitivity, selectivity and stability.  
 The effect of the CO2 gas concentration, observing the sensor detection range based on the 
sensitive materials synthesized in various ratios.  
 The effect of long-term continuous sensing tests (stability) on the crystal structure and 
morphology of the sensitive layer. 
 These parameters include repeatability, limit of detection (LoD), co-efficient of variance 
(CoV) etc. 
Addressing the above-mentioned knowledge gaps was the critical motivating factor in 
carrying out the current challenging task of fabricating ultra-sensitive CO2 gas sensors for a 
wide range of applications. 
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1.2 OBJECTIVES 
This thesis work is aimed at the design and development of finely-tailored and hierarchical 
nanomaterials which are sensitive to CO2 at low operating temperature and gas concentration 
(~100 ppm). Two micro sensors namely potentiometric and chemo-resistive devices were 
fabricated and studied as case models to achieve the proposed primary objective. The critical 
literature review revealed several major sensing characteristics that needed to be investigated, 
which are briefly discussed below: 
 To improve the electrochemical stability of reference electrode and structural strength of 
potentiometric sensor in the humid ambience.11-13 This is currently a major concern and 
postulated to be alleviated to an extent by employing highly active faceted nanomaterials 
as electrode materials.  
 To synthesize n-type metal oxide semiconductors (MOS) as base matrix for chemo-
resistive sensors, preferably having low lattice mismatch with p-type CuO and Ag for 
catalytic role. 
 To comprehensively investigate the synthesized materials for crystal structure, 
morphology, oxidation state, thermal stability and surface area.  
 To investigate the sensors for performance in terms of sensitivity under different 
operating temperatures as a function of the extent of Ag and CuO decoration in various 
percentages, in order to determine the region of optimum performance conditions. 
 To investigate the developed sensors for performance in terms of sensitivity under 
different operating temperatures as a function of CO2 gas concentrations and             
cross-interference in presence of similar gases, in order to determine the detection scope 
of the sensor under study. 
 To determine the reliability of each sensitive material developed in terms of accuracy 
(%), precision (%), co-efficient of variance (CoV), recovery (%) and linearity range. 
 To investigate the stability of the chemo-resistive sensor over an extended period under 
dry air, operating continuously at the optimum operating conditions. 
Further, long-term repeatability is highly dependent on the reversible reactions taking place 
on the surface of the sensitive material following the successive CO2 gas exposure events. 
Hence, it is important to investigate sensitive layer before and after the sensing experiments 
for changes in the crystal structure, morphology and chemical composition changes. To 
achieve this, various techniques such as X-ray diffraction (XRD), transmission electron 
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microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and energy dispersive X-ray 
spectroscopy (EDS) will be employed. Furthermore, the gas sensing phenomenon will be 
investigated by in-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
and ultra-violet diffuse reflectance spectroscopy (UV-DRS) technique. It is envisaged that the 
material’s characterization and gas sensing performances combined with the in-situ DRIFTS 
results will aid in fundamental understanding of the CO2 sensing phenomenon taking place at 
the MOS and Ag-composite heterojunctions used in this body of work. Additionally, 
electrical characterization of the sensitive layer will be undertaken to determine the nature of 
the contact formed between the different metal oxides and Ag in the composites. This will be 
helpful in confirming type of p/n heterojunction present in the composites, which is important 
in order to understand how to improve the performance of MOS based chemo-resistive CO2 
gas sensors. 
 
1.3 RESEARCH OUTCOMES AND AUTHOR’S ACHIEVEMENT 
The fabrication and investigation of CO2 gas based micro-sensors resulted in several novel 
outcomes during this thesis work, which are anticipated to add major contribution to the 
existing sensors research field.  
Two CO2 sensors namely chemo-resistive and potentiometric with 4 novel materials 
(CuO/ZnO interleaved assembly, CuO:Cu2O/SnO2 hierarchical composite, prolated BaTiO3 
spheroids decorated with Ag@CuO and Li2CO3 flakes-BaCO3 rods) were developed. 
Additionally, spinel Li4Ti5O12 octahedron was synthesized for use as reference electrode 
material in nanostructured potentiometric sensor. The sensing performance of the developed 
sensors was investigated towards low CO2 gas concentration (100-1000 ppm) at various 
operating temperatures. The cross-sensitivity performance of the fabricated sensors was 
tested thoroughly in order to determine the practicability of the developed sensors for 
potential industrial use. To the best of the author’s knowledge, this thesis work resulted in the 
following key novelties: 
 The development of nanostructured potentiometric CO2 sensor (Li4Ti5O12 octahedra, 3D 
TiO2 microspheres, Li2CO3 flakes and BaCO3 rods) has not been reported in the literature. 
This is a highly significant contribution as it provided a facile solution to existing issues 
concerning poor electrochemical and structural stability. Further, it was demonstrated for 
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the first time that the employment of {111} faceted Li4Ti5O12 octahedra as reference 
electrode material compared to commercial Li2TiO3 resulted in enhanced electrochemical 
stability. 
 Ag@CuO:Cu2O/SnO2 and Ag@CuO/ZnO were proposed for first time as sensitive and 
stable CO2 active materials, showing optimal response/recovery times at ~300oC. The 
sensors were found to detect even 100 ppm CO2 which was determined to be the 
experimental limit of detection.  
 The in-situ DRIFTS technique was used to substantiate the sensing mechanism in the case 
of Ag@CuO/ZnO composite. This technique was also extended to the Ag@CuO/BaTiO3 
composite to study the active role of BaO and CuO in the formation of carbonates in the 
presence of CO2 gas. This was a noteworthy contribution to the existing literature of 
CuO/BaTiO3 based sensors, since over the years there has been much debate about its 
sensing mechanism and the intermediate species participating in the sensing phenomenon.  
 Novel in-situ UV-DRS technique was developed to identify the role of oxygen vacancies 
in the Ag@CuO:Cu2O/SnO2 composite during CO2 sensing. This was crucial since the 
sensing phenomenon is primarily a reversible reaction taking place between oxygen 
vacancies chemisorbed on surface of sensitive layer and the target gas. 
 The chemoresistive sensor matrix (ZnO, SnO2 and BaTiO3) were decorated with 
Ag@CuO and tested for cross-interference in presence of similar oxidising gases (SO2, 
NO2 etc) and repeatability which was sparsely reported in the literature by other 
researchers. 
The author’s achievements during this thesis work includes, 
 4 as accepted first author journal articles in prestigious ISI journal, 
1. Inorganic Chemistry Frontiers, 2017, Advance Article, 
DOI:10.1039/C7QI00474E (I.F – 4.036) 
2. ACS Applied Materials & Interfaces, 2017,  9(32), 27014–27026, 
DOI: 10.1021/acsami.7b07051 (I.F – 7.504) 
3. Journal of Materials Chemistry A, 2016, 4(42), 16418-16431,                    
DOI: 10.1039/C6TA05013A (I.F – 8.867) 
4. RSC Advances, 2016, 6(49), 43672-43684, DOI: 10.1039/C6RA07150C     
(I.F – 3.108) 
 2 articles as first author communicated to reputed ISI journal, 
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1. Shravanti Joshi, Ram Kumar CB, Samuel J Ippolito, Ylias M Sabri, Ahmad 
E Kandjani, Suresh K Bhargava and Manorama V Sunkara. Straddled Gap 
Based Versatile CuO/BaTiO3 Heterostructures: Effect of Band Alignment on 
the Photocatalytic and CO2 Sensing Performances, ACS Central Science. 
2. Shravanti Joshi, Frank Antolasic, Ylias M Sabri, Manorama V Sunkara, 
Suresh K Bhargava and Samuel J Ippolito. Highly Selective Detection of CO2 
Gas Actualized from Convenient Type I n-CaO/n-BaTiO3 Heterostructures. 
ACS Applied Materials and Interfaces. 
 1 book chapter contribution as first author in “Design and Synthesis of Hierarchical 
Nanostructured Materials for Chemical Sensing and Catalytic Applications”, under 
review, published by Pan Stanford Publishing Pvt. Ltd. Submitted on 28th July, 2017.  
 1 invited journal article contribution in IEEE Transactions on Nanotechnology, under 
review (I.F – 2.486) 
 3 oral presentations peer reviewed as conference papers, 
1. 12th IEEE International Conference on Nano/Micro Engineered and Molecular 
Systems (IEEE-NEMS), 2017, 137-142. 
2. 32nd Sensor Symposium, Institute of Electrical Engineers of Japan, 2015, 1-4. 
3. 2nd International Symposium on Physics and Technology of Sensors (ISPTS), 
IEEE Xplore, 2015, 43-48. 
 4 conference abstract delivered as an oral presentation at international conferences 
1. International Conference on Nanoscience and Nanotechnology (ICONN), 
2018, Wollongong, Australia (Accepted on 23rd October, 2017). 
2. RACI Centenary Congress, 2017, Melbourne, Australia. 
3. 93rd International Conference on Nanoscience, Nanotechnology and Advanced 
Materials, 2016, Auckland, New Zealand. 
4. Materials Science Engineering Congress 2016, Darmstadt, Germany. 
 Poster presentation at ACS Publicity Meet, University of Melbourne, 2017, Melbourne, 
Australia. 
 RMIT - Higher Degree by Research (HDR) Publication Grant, 2017. 
 Awarded 2 consecutive times conference travel grants (RMIT - Higher Degree by 
Research (HDR), 2016 and 2017) 
 1 CSIR-Indian Institute Chemical Technology (IICT) travel grant, 2015. 
 N.J. Patel award for best oral presentation at 2nd International Symposium on Physics and 
Technology of Sensors (ISPTS), 2015, Pune, India.  
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1.4 THESIS ORGANIZATION 
This thesis provides a rational sequence of the research conducted during this thesis program. 
It details the advancement in the field of CO2 gas sensors, resulting from the rigorous 
investigation done throughout this program. This thesis contains 7 Chapters with relevant 
references. 
The thesis starts with Chapter 1, where the author’s motivation to carry out the research in 
the field of CO2 gas sensors is detailed. In addition, this chapter also includes the research 
objectives of the thesis work. Additionally, contributions to the current body of knowledge 
and the author’s achievements are stated.  
In Chapter 2, literature review is presented that outlines the importance of CO2 gas sensing 
and current state of the techniques available for detection and monitoring. Further, this 
chapter details the knowledge gap in this area and justifies the rationale to carry out the 
current research.  
In Chapter 3, the synthesis routes, material characterization techniques, fabrication of sensor 
elements and in-situ techniques used to understand the sensing mechanism are presented. 
This chapter also includes the experimental setup that was utilised for testing the CO2 sensing 
performance of each of the developed sensitive materials. In addition, brief description of the 
information intended to be acquired from some of the techniques used for materials 
characterisation is provided. 
In Chapter 4, novel nanostructured potentiometric CO2 gas sensor is presented. Li4Ti5O12 
octahedra was synthesized and characterized extensively for physicochemical novelties. 
Conventional Li2TiO3 phase was replaced by {111} faceted Li4Ti5O12 phase as reference 
electrode material. Additionally, the synthesis and characterization of Li2CO3, BaCO3 and 
TiO2 acting as complimentary electrode materials is also discussed. Subsequently, the 
fabricated sensor was compared with commercial counterpart for sensitivity, 
response/recovery times and repeatability (continuous operation over 45 days at 500oC) under 
dry and humid conditions.  
Chapter 5 starts with a comparison of potentiometric sensor with chemo-resistive sensors, 
which provided the motivation to develop sensors operating at lower temperatures. 
Interleaved CuO/ZnO heterostructures were synthesized and functionalized with Ag 
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nanoparticles. After thorough material characterization, Ag@CuO/ZnO composites were 
tested for sensitivity, selectivity and stability (continuous operation over 40 days at 320oC) 
over different operating temperatures. Conducting AFM technique was employed to validate 
the existence of Schottky behaviour at the nanoscale which was important to understand 
sensing mechanism. Operando DRIFTS technique was employed and correlated with sensing 
performance to demonstrate the gas sensing mechanism taking place at the p/n 
heterojunctions.  
Chapter 6 details the design and development of a novel CuO:Cu2O/SnO2 nanocomposite 
and its performance as a CO2 sensitive layer. The hierarchical CuO:Cu2O/SnO2 
nanocomposite was synthesized and functionalized with Ag nanoparticles. Thereon, the 
Ag@CuO:Cu2O/SnO2 was tested for sensitivity and selectivity under different operating 
temperatures. Repeatability and stability tests (continuous operation over 60 days at 300oC) 
were also conducted and presented. In-situ UV-DRS technique was employed to identify the 
role of p/n heterojunction and oxygen species participating during the sensing performance.  
Chapter 7 presents the ultra-sensitive and highly repeatable Ag@CuO/BaTiO3 
nanocomposite for CO2 gas sensing.  Reliability of the sensitive layer was discussed in terms 
of sensitivity, selectivity, limit of detection (LoD), linearity range, response/recovery times, 
stability (continuous operation over 180 days at 120oC) and accuracy. Operando DRIFTS 
technique was employed and correlated with sensing performance to propose gas sensing 
phenomenon taking place at the p/n heterojunction. Novel technique to validate existence of 
Schottky behaviour at Ag@CuO/BaTiO3 junction on bulk scale is also presented.   
Finally, Chapter 8 includes a summary of the thesis and concluding remarks. The scope for 
the future research work on CO2 sensors are also discussed in this chapter. 
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Chapter 2 
 
Literature Review and Research Rationale 
 
This chapter details logical rationale put forth for the design and development of metal oxide 
based potentiometric and chemo-resistive CO2 sensors. An overview of both natural and 
anthropogenic sources of CO2 and its impact on environment is briefly discussed. Current 
state of CO2 gas sensors is presented followed by importance of nanomaterials based 
microdevices is discussed.   
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2.1 CARBON DIOXIDE (CO2) 
Carbon dioxide (CO2) comprises of a carbon atom forming two linear covalent bonds with 
oxygen atoms with the structural formula of O=C=O.1 It is an odourless acidic toxicant 
having zero dipole moment with a density of about 1.5 times higher than that of air. In 
ambient earth’s atmosphere, nearly 400 ppm of CO2 by volume is present at the sea level. It 
has no liquid state at pressure below 5.11 atm and is highly soluble in ethanol and acetone. 
Gaseous CO2 dissolves in water to form carbonic acid. Similarly, it spontaneously reacts with 
alkalis to form carbonates and bicarbonates at normal temperature and pressure. However, 
this reaction mechanism is highly dependent on the concentration of alkali solution. Few 
important physical properties of CO2 gas are listed in the Table 2.1.2 
 
Table 2.1: Summary of physical-chemical properties of CO2 gas. 
Properties  Values 
Molar mass 44.0095 g/mol 
Density 1600 g/L (solid), 771 g/L (liquid), 1.98 g/L (gas) 
Sublimation point −56.6 °C (at 5.185 bar) 
Solubility in water 1.45 g/L at 25°C, 100kPa 
Acidity (pKa) 6.35 and 10.33 
Viscosity 0.07 cP at -78oC 
 
Both natural as well as anthropogenic sources emit CO2 gas. Emissions from natural 
sources are absorbed back by the natural sinks, which is not true in the case of anthropogenic 
sources. Although, anthropogenic emissions are small compared to the natural emissions, still 
they add up heavily to the CO2 concentration in the atmosphere. Hence, when higher amount 
of CO2 is released outside the naturally occurring carbon cycle, nearly 40% of extra CO2 is 
absorbed and rest is accumulated in the earth’s atmosphere. This is primarily attributed to 
absence of anthropogenic sinks and natural absorptions only having a limited ability to 
process the process the extra amount of CO2 emitted in atmosphere.3 A recent survey 
revealed that the CO2 concentration rose from pre-industrial level of about 265 ppm to 
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400 ppm (2015) and recent reports suggest that by 2050, this value will have increased to 
710 ppm.4  
 
2.1.1 CO2 Natural Sources   
According to the United States Environmental Protection Agency (USEPA), major natural 
sources for CO2 gas emissions include ocean, soil, plants and volcanoes. Ocean-atmosphere 
CO2 exchange contributes around 42.84% whereas soil, plant and animals contribute around 
57.12%.3,5 CO2 present in the ocean is released into the air through the surface by 
evaporation, thus creating 330 billion ton of CO2 emissions annually. Interestingly, same 
amount of CO2 is absorbed back into the ocean through the process of diffusion. Similarly, 
CO2 emissions from living being are respiration and soil processes such as respiration and 
decomposition accounts for 440 billion ton per year. These emissions are again balanced by 
natural vegetation and land process. Another important source is volatile eruptions 
(volcanoes, hot springs and geysers), creating about 0.26 billion tons.6 During these 
eruptions, gases such as CO2 and SO2 are released in addition to water vapor into the 
atmosphere. The emissions released into the atmosphere are absorbed continuously by the 
respective natural sinks, thus being nature’s way of maintaining the CO2 levels in a safe 
range. 
  
2.1.2 CO2 Anthropogenic Sources 
Industrial revolution (1760-1840, England) not only developed new technologies and 
improved the living standard but also showed adverse effects on nature. The downside of the 
industrial revolution includes rapid deforestation, drastic climate changes referred to as global 
warming. Thermodynamically stable, CO2 is considered as one of the greenhouse gases and 
its emissions from anthropogenic sources such as burning of fossil fuels, coal and gas 
accounts about 87%, creating more than 33.2 billion ton per year.7 Further, deforestation and 
land use changes (9%, 3.3 billion ton per year) and other industrial processes (4%, 1.7 billion 
ton per year) contribute to the remaining emissions.8 Major economic sectors that utilize 
energy obtained from burning of fuels include electricity, transportation and other industries. 
Interestingly, the first two sectors contribute majority of the total global anthropogenic CO2 
emissions, while the remaining is balanced from other industries. Rapid conversion of forest 
land for use as human settlements or construction is termed as land use change. This land 
change has resulted in the release of an estimated 396-690 billion ton of CO2 gas into the 
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atmosphere, owing to tremendous increases in the perpetual elimination of standing forests, 
either by cutting and burning, thus significantly increasing CO2 emissions. Deforestation 
further increases soil erosion and leaching of valuable nutrients thus decreasing the ability of 
land to act as a carbon sink. Industrial processes such as cement, petrochemicals, steel, and 
mining emit substantial quantities of CO2 gas directly or indirectly as a ramification of 
various inevitable chemical reactions that are allowed during material production. Overall, 
the total amount of CO2 emissions from anthropogenic sources are very small compared to 
natural sources, but they contribute substantially to the earth’s atmosphere as there is no 
artificial sink to absorb back the emissions, thereby enhancing ocean acidification and 
greenhouse effect (global warming) which has now been linked to the increase in global 
natural disasters.  
 
 2.1.3 Benevolent Role of CO2 in Nature 
Atmospheric CO2 is the primary carbon source for supporting plant life and this role is 
aptly described in the carbon cycle.9 Micro-organism and plants photosynthesize the 
carbohydrates from CO2 and H2O and in turn produce O2 as the byproduct.9 Interestingly, 
presence of CO2 gas in the earth’s atmosphere help in maintaining the temperature above sub-
zero. From a human perspective, CO2 plays important role in many industries such food and 
agricultural sector, oil making, chemical industries etc. It is used as fire extinguisher, as a 
pressurizing gas in air guns, oil recovery, as a supercritical solvent, as a chemical feedstock in 
decaffeination and as an oxidizing source in welding processes. Further, effects and benefits 
due to CO2 to human health are innumerable. For example, in case of vasodilation (expansion 
of arteries), recently it was found that the low CO2 concentration in the arterial blood 
constricts blood vessels and leads to decreased perfusion of all vital organs.10 Additionally, 
cell oxygen levels are controlled by alveolar CO2 and breathing, oxygen transport, 
bronchodilation and inflammatory response depends on breathing. Interestingly, nerve 
stabilization occurs due to sedative effects of CO2 on nervous cells. This reason perfectly 
explains the lack of CO2 in the brain leads to "spontaneous and asynchronous firing of 
neurons" thus leading to mental and psychological abnormalities.10  
 
2.1.4 CO2 Hazards 
As described earlier, CO2 is one of the primary greenhouse gases and is held responsible 
for drastic climatic changes taking place around the globe.11 It is a major source for ocean 
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acidification, caused due to its spontaneous reaction with water thus forming carbonic acid.12 
Exposure to increased CO2 gas concentration results in serious effects such as slight increase 
in breathing rate (1%), headache and dizziness (2%), weakly narcotic (3%), slight choking (4-
5%), loss of consciousness (5-10%), unconsciousness within a few minutes (~15%) and death 
(17-30%) are observed.13 CO2 is an inhalation toxicant and strong asphyxiant (O2<16%). 
Acute high-levels of CO2 exposure in the presence of low-level O2 can produce significant 
persistent adverse health effects including headaches, attacks of vertigo, poor memory and 
ability to concentrate, difficulty sleeping, tinnitus, double vision, photophobia, loss of eye 
movement, visual field defects, enlargement of blind spots, deficient dark adaptation, and 
personality changes. However, prolonged exposure to low levels of CO2 produces short term 
health effects such as changes in bone metabolism and calcium concentrations in blood. Last 
few decades has witnessed serious hazards of CO2 at workplace and hence recently, it has 
been declared as occupational hazard at high concentrations (>5000 ppm). Stringent laws 
have been enforced to curb anthropogenic CO2 emissions all over the world in order to 
provide safer working environment. For example, in Great Britain, CO2 is classed as a 
‘substance hazardous to health’ under the Control of Substances Hazardous to Health 
Regulations 2002 (COSHH).14 According to Health and Safety Executive (HSE), the 
workplace exposure limits (WELs) calculated by taking an average over a specified period of 
time for CO2 are, 5000 ppm over long-term exposure limits of 8-hr reference period and 
15000 ppm over a short-term exposure period of 15 minutes.15 Further, Occupational Safety 
and Health Administration (OSHA), National Institute for Occupational Safety and Health 
(NIOSH) and Association Advancing Occupational and Environmental Health (ACGIH) 
occupational exposure standards are 0.5% CO2 (5000 ppm) averaged over a 40 hour week, 
3% (30000 ppm) average for a short-term (15 min) exposure and 4% (40000 ppm) as the 
maximum instantaneous limit considered immediately dangerous to life and health.10,16  
 
2.2 AVAILABLE CO2 GAS SENSING TECHNIQUES 
The above-mentioned hazards can be effectively mitigated by controlling the amount of 
CO2 emissions into the atmosphere at every possible site. Hence, there is crucial need to 
develop highly sensitivity and selective CO2 gas monitoring and detection devices that can 
efficiently sense lower concentrations and show exceptional long-term stability, while 
consuming low power, as required in many domestic as well as industrial applications. 
Further, on-line measurements of such toxic pollutant are desirable from commercialization 
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viewpoints. In this context, this subsection details few available methods that are actively 
documented in literature by many research groups at laboratory scale and its brief comparison 
is provided in terms of sensing parameters such as selectivity, detection limit, response time, 
etc. These methods are based on various detection principles utilizing change in refractive 
index, dye concentration, surface acoustic wave velocities, mass, resistance/capacitance, and 
potential just to name a few. 
 
2.2.1 Non-dispersive Infrared (NDIR) Sensors 
Nondispersive infrared sensors are commercialized technology available for indoor and 
outdoor monitoring of lower CO2 concentrations at room temperature.17 The sensor comprises 
of infrared source, sample chamber or light tube, optical filter and infrared detector as key 
components. The basic principle involves an infrared lamp which is used to direct series of 
light waves through a confined tube filled with air towards an infrared light detector which 
measures attenuated wavelengths that reaches it via an optical filter.18 Almost all of the gas 
molecules absorb infrared light at characteristic wavelengths representative of the bond type, 
thus exhibiting vibrational bending, stretching or twisting.19 During the process, a certain 
amount of infrared light is absorbed and is proportional to the gas concentration. This change 
in infrared light is measured as sensor response. CO2 gas has strong absorbance at 4.26, 2.7 
and 13 µm wavelengths and hence interference due to other common gases for example, SO2 
(7.35 and 19.25 µm), NO2 (6.17-6.43, 15.4-16.3 µm and 496 nm), N2O (7.73 µm), O2 
(0.763 µm) and CO (4.6 µm) can be avoided easily. However, it is speculated that at low 
concentrations (<100 ppm) cross-sensitivity due to H2O (1.94 and 2.9 µm), CO, SO2 and NO2 
are bound to happen, thus providing unreliable data.20  
Table 2.2 summarizes few of the recent commercially available NDIR based CO2 sensors 
which operate in temperature range from 30 to 60oC. These sensors mostly use pyroelectric 
or thermopile light sources, having restricted use in portable applications owing to issues 
such as high-power consumption and energy harvesting. Although, the sensors displayed high 
accuracy and are relatively small size hand held or bench top units, NDIR sensors still faces 
major disadvantages which leave ample of opportunities for development of novel CO2 
sensors. Interestingly, sensitivity and detection limit are highly dependent on the infrared 
light intensity, optical path design, and detector.21 Further, it was observed that selectivity 
tests were rarely reported and occurrence of interference among the adsorption bands is major 
issue and efforts are required to address this inadequacy.  
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Table 2.2: Summary of catalogue specifications of commercial NDIR CO2 sensors operating in 
temperature range from 30 to 60oC. 
 Sensor Manufacturer Dimensions 
(mm) 
Detection 
Range 
(ppm) 
Accuracy 
(ppm) 
Operating 
Voltage 
(VDC) 
Response 
Time (s) 
Ref. 
1 CMM2CC Vaisala D-18, L-140 0-2000 30±2% 11-20 30 (63%) 22 
2 K-CDL 
210 
PCE 
Instruments 
120×100×110 0-2000 50±5% 5 Not reported 23 
3 K30 SenseAir 51×57×14 0-5000 30±3% 4.5-14 20 (63%) 24 
4 AN400 KCD 93×53×28 0-5000 200±3% 8-14 <40 (80%) 25 
5 T6615 Amphenol 57×35×15 0-5000 75±10% 5 <120 (90%) 26 
6 K-PCE-
AC 400 
PCE 
Instruments 
300×210×50 0-5000 75±5% 12 Not reported 27 
7 MB-350U ELT 135×90×28 0-10000 30±3% 12 150 (90%) 28 
8 MT-100 ELT 19×46×8.5 0-10000 30±3% 5-5.5 60 (90%) 29 
9 MHM Electro Optical 
Components Inc 
Not reported 0-20000 2000±2% 11-13 <30 (70%) 30 
 
2.2.2 Colorimetric & Refractometric Fibre Optic Sensors 
Over the last few decades, many reports on the use of colorimetric and refractometric fibre 
optic CO2 sensors were observed owing to ease of detection initially with naked eye and 
more recently with simple spectrophotometers. Colorimetric analyses depend on the change 
in intensity at a certain wavelength as a function of colour change.31 Colorimetric CO2 
sensors are widely used in capnography, which is a non-invasive monitoring technique and 
enables detection in applications such as ventilation, circulation and metabolism.32-33 
Refractometric analyses depend on physical principle of light refraction (Snell’s law).34 This 
technique works on the principle of quantification of concentration as a function of change in 
refractive index (RI) leading to frequency shifts of optical resonances. Due to the small 
dimension for light confinement, these sensors are highly sensitive to small variations in RI.34 
During the past few years, many novel refractometric sensors have been developed which 
work on the principles of Michelson interferometer,35 Mach-Zenhder interferometer,36-37 
Fabry-Perot interferometer,38 micro-fibre ring resonator,39-40 and micro-fibre coil 
resonators.41 Table 2.3 summarizes some of the recent results that were reported for 
colorimetric and refractometric CO2 gas detection in the literature operating at room 
temperature. However, major limitations of colorimetric and refractometric fibre optic 
devices include non-reliability, contamination issues, poor selectivity and many a times the 
device will not provide a reading if it is clogged or is damaged.33-34 From Table 2.3, it can be 
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observed that the sensing parameters such as limit of detection (LoD), comprehensive 
selectivity, stability tests which are important from real time application have not been 
performed on these types of sensors till date. 
 
Table 2.3: Summary of colorimetric (C) and refractometric (R) sensors for CO2 gas detection 
operating at room temperature. 
 Sensing Material Type Response  
Times (s) 
Limit of 
Detection 
(ppm) 
Selectivity Ref. 
1 α-naphtholphthalein  
tetraphenylporphyrin 
C 5 Not reported Selective in presence of O2, 
CO, N2 and not in HCl acids 
42 
2 Tetrapropyl Benzo 
Bisimidazolium 
C Not 
reported 
30 Not reported 43 
3 Polydiaacetylene C 60 400 Not reported 44 
4 Amino & Thiol 
functionalized Silica  
C Not 
reported 
120 Not reported 45 
5 Tertiary Amino 
Alcohols 
C Not 
reported 
500 Selective in presence of 
humidity and not in acids 
46 
6 Phenol & p-nitro 
phenol derivatives 
R 180 10000 Not reported 47 
7 Phenol & p-nitro 
phenol derivatives 
R 51 2780 Not reported 48 
 
2.2.3 Surface Plasmon Resonance (SPR) Sensors 
Surface plasmon resonance (SPR) sensors work on optical based label free detection 
technique using total internal reflectance. SPR effect is observed due to resonant oscillation 
of electrons which takes place at the interface of two media with dissimilar dielectric 
constants when simulated by incident light.49 Usually, the sensor comprises of a glass 
substrate through which light passes until it hits a thin layer of noble metal deposited on the 
other side of the glass substrate where it is reflected back into the glass.50 At a particular 
angle of incidence, part of light couples with the noble metal layer and creates SPR at the 
interface of sample and noble metal.51 This angle of incidence is highly sensitive to changes 
in refractive index at both the surface, which are consequently used to monitor gas molecules 
association and dissociation. Interestingly only materials (Ag, Au, Cu, Al etc) with a negative 
real and small positive imaginary dielectric constant are capable of exhibiting surface 
plasmons.52 These simplistic features allow SPR mediated devices to be used as versatile and 
highly sensitive optical sensors. However, several challenges such as limit of detection, 
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selectivity and incorporation of SPR into multiplexed platforms still restricts their wide scale 
use. Further, it cannot discriminate between specific and nonspecific interactions with the 
sensor surface. Foreign species bounded material to the sensitive layer is difficult to remove, 
thus control samples are required for corrections for the non-specific bounded material. 
Binding of low molecular weight material is more cumbersome to detect. Furthermore, in this 
kind of sensors, major issue is of limited sensor area leading to low performing capacity.53 
Table 2.4 summarizes some of the available results that were reported for surface enhanced 
plasmon resonance based CO2 gas detection in the literature. 
 
Table 2.4: Summary of surface enhanced plasmon resonance based CO2 sensors. 
 Sensing Material Response  
Times (s) 
Limit of 
Detection 
(ppm) 
Selectivity Ref. 
1 Ti/Au layer on CaF2 prism Not reported  20000 Not reported 54 
2 N,N,N’-
Tributylpentanamidine 
Not reported 10 Selective in presence of 
HCl, NH3 and Amines 
55 
3 SiO2/Au/ZnS-SiO2 Not reported Not reported Not reported 56 
4 1-Ethyl-3Methylimidazolium Not reported 700 Not reported 57 
5 Pt/Carbon Nanotube Not reported 150 Not reported 58 
6 ZnO/Au/BK-7 prism 10 Not reported Not reported 59 
 
2.2.4 Surface Acoustic Wave (SAW) Sensor  
In case of SAW sensors, response is result of physical phenomena arising from the 
modulation of surface acoustic waves.60-62 The sensor transduces an input electrical signal 
excited by means of interdigital transducer (IDT) into a mechanical wave on a single crystal 
substrate, which is turned back into an electrical signal at the output.61 Single crystal 
substrates are selected based on piezoelectric coupling co-efficient and temperature 
sensitivities and commonly used are bismuth germanium oxide, zinc oxide, lithium niobate, 
lithium tantalate, langasite, potassium niobate, ST quartz and so on.63 Interestingly, some 
forms of SAW sensors do not need power supply, thus making them wireless accessible 
which is suited for continuous monitoring for applications in harsh environments.64 SAW 
sensors are advantageous since they are sturdy, have high stability and sensitivity, are light 
weight and provide real time response.65-66 Table 2.5 summarizes few available reports 
gathered based on literature. Although, SAW based CO2 sensors exhibited exceptional limit 
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of detection, other parameters such as selectivity, stability and response/recovery times were 
rarely reported which are important of the sensor feasibility point of view, thus leaving 
plentiful opportunities for further investigations. 
 
Table 2.5: Summary of few selected reports on SAW CO2 sensors operating at room temperature. 
 Transducer Detail Sensing Layer Sensitivity (ŋ) 
and Limit of 
Detection(LoD) 
(ppm) 
Selectivity Ref. 
1 440MHz 41o YX LiNbO3 
Reflective Delay Line 
Teflon AF 2400 ŋ-2o /ppm, 
LoD – 50 
Not reported 67 
2 250 MHz ST-Quartz 2-port 
Resonator 
Spin-Coated Polymers ŋ-4.17 HZ/ppm Not reported 68 
3 286 MHz 128o YX LiNbO3 
Reflective Delay Line 
Single walled carbon 
nanotubes 
ŋ-6mV/% 
(attenuation) 
LoD- 35000 
Not reported 69 
4 434MHz ST-X Quartz  Graphene-nickel-L-
alanine 
ŋ-2.51 
MHz/ppm.m2 
LoD- 200 
Not reported 70 
5 440MHz 41o YX LiNbO3 Teflon AF 2400 ŋ-2.12o /ppm, 
LoD-75 
Not reported 71 
 
2.2.5 Quartz Crystal Microbalance (QCM) Sensors 
Quartz crystal microbalance sensors are another type of acoustical wave MEMS 
transducer working on the principle of mass change on the surface of an oscillating quartz 
crystal resonator being transformed into an electronic signal.72 Briefly, the configuration of a 
QCM consists of a thin quartz crystal wafer having electrodes deposited on each face, used 
for applying an electric potential across the crystal. Upon applying an electrical voltage 
across the substrate (i.e. AT-cut quartz), the crystal oscillates at a specific frequency, which is 
highly dependent on the thickness of substrate used.73 Quantification of mass change is made 
possible by monitoring the QCM frequency which is read out as sensor response. QCM based 
CO2 gas sensors are hardly reported in literature, except for a recent report. Tai et al. reported 
on QCM coated polyetherimide sensor for detecting CO2 in dry and humid air for gas 
concentration in 1000-10000 ppm range.74 The sensor showed high response in humid 
compared to dry air with a sensitivity of 0.8%. Further, the report failed to mentioned sensor 
performance in terms of selectivity, repeatability and LoD. Given the low molecular weight 
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of CO2, the choice of using this type of sensor for its potential applications hence is most 
likely not feasible due to the lack of sensitivity offered by QCM platform. 
 
2.2.6 Micro-cantilevers Sensors 
Micro-cantilever sensor belongs to superior class and has ability to detect few molecules 
of analyte. Cantilever is the basic component of this kind of sensor, which is a mechanical 
structure that is fixed at one end and oscillating at the other end.75 They work on the principle 
of small mass change causes greater displacement in cantilever thus change in oscillating 
frequency. This change in mass is primarily a reversible reaction occurring between the 
sensitive layer coated on the cantilever and target gas.76 These sensors operate efficiently in 
gas, liquid and vacuum and are exceptional in transducing chemical signal into the 
mechanical stress with high response magnitude. Measurement modes can be piezoelectric or 
electromagnetic excitations.77 Table 2.6 summarizes some of the available results that were 
reported for micro-cantilever based CO2 gas detection in the literature. However, major 
inadequacies such as high fabrication and alignment costs, requirement of precision and clean 
room facilities to fabricate them limit their use. Additionally, sensitive coating composition 
used are commonly polymers which are partially selective to the various analyte often 
achieved at the cost of reversibility.78 Further, stability of viscoelastic coatings is limited and 
the aging as result affects the reliability of the sensor. 
 
Table 2.6: Summary of published work on micro-cantilever based CO2 sensors. 
 Sensing Material Mass sensitivity (ŋ) Selectivity Ref. 
1 0.35µm 2 poly-silicon 3 metal CMOS 
Al/SiO2/W  
 3.23 HZ/ng Not reported 79 
2 SnO2 coated SiO2 cantilever 117 HZ/pg Not reported 80 
3 Metal organic framework-508 (MOF-
508) coated on silicon-on-insulator 
(SOI) 
4 µmol% Not reported 81 
 
2.2.7 Chemo-resistive/capacitive Gas Sensors 
Chemical gas sensors can be chemo-resistive or chemo-capacitive based on type of 
electrical parameter variation i.e. change in resistance or capacitance in the presence of target 
gas. Here the sensor response is directly measured in term of resistance or capacitance which 
is proportional to the gas concentration. Chemical gas sensors were first reported by Seiyama 
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and Taguchi et al. in 1962, wherein they demonstrated that SnO2, when sufficiently heated to 
high temperature (>300°C) in air showed strong sensitivity to reactive gases such as toluene, 
benzene, ethyl ether, propane and CO2.82-83 Following this monumental success, 
semiconductor gas sensors have been widely used for gas-leak alarm, indoor/outdoor air 
monitoring, industrial process control, pollution control and so on. Inorganic metal oxide 
semiconductors have been more successfully employed compared to the organic materials as 
sensing materials for the detection of inert, toxic, inflammable and flammable gases. Here 
both n-type and p-type metal oxide semiconductor can be used as base matrix of sensitive 
layer. These sensors are extensively studied owing to their simplicity, ease of sensor element 
fabrication, robust nature, are cost-effective and easy to integrate/miniaturize on multiple 
platforms.  
The sensitivity of these types of sensors primarily depends on porosity of the 
nanostructured metal oxide layer employed as sensitive layer.84 The gas sensing mechanism 
under dry air follows simple phenomenon. Oxygen species get dissociatively chemisorbed on 
the grains of the material thus creating extrinsic surface acceptor sites (O−, O2−, O2− and O22−) 
immobilizing the conduction band electrons from the surface of the n-type semiconductor.85 
Thus, a depletion layer is created at the material interface due to the adsorbed oxygen from 
air. However, this phenomenon varies according to the nature of target gas, i.e. either reducing 
(ethanol, acetone, hexane, H2, toluene etc) or oxidizing gases (CO2, NO2 and SO2). The 
reducing gases tend to extract surface-bound oxygen atoms acting as donors for the n-type 
metal oxide. In contrast, oxidizing gases immobilizes further conduction-band electrons from 
the near-surface region by creating additional surface-acceptor sites.86 Depletion layer 
thickness changes according to the above mentioned reversible oxidation-reduction reactions. 
Consequently, the presence of reducing gases increases the conductivity of the material, 
while decrease in conductivity is observed for oxidizing gases. The resistance change is then 
measured as sensor response (S.R) and is given as below, 
For reducing gases, 
𝐒.𝐑 =  𝐑𝐚−𝐑𝐠
𝐑𝐚
                                                                                                               (Eq.2.1) 
While for oxidizing gases, 
𝐒.𝐑 =  𝐑𝐠−𝐑𝐚
𝐑𝐚
                                                                                               (Eq.2.2) 
Where, Ra is the resistance of sensitive layer in air and Rg is the resistance of sensitive layer 
in presence of target gas. Extensive work on first kind of CO2 chemical gas sensors was 
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reported by Ishihara et al. in the year 1992. Nearly 18 variants of metal oxides such as 
calcium oxide (CaO), magnesium oxide (MgO), lanthanum oxide (La2O3), neodymium oxide 
(Nd2O3), yttrium oxide (Y2O3) etc were mixed with barium titanate (BaTiO3) to form novel 
CO2 sensitive composites. Among the composites investigated CuO-BaTiO3 p/n composite 
showed maximum sensitivity at 456oC.87-88 Ishihara et al. anticipated that the carbonation of 
the copper oxide could be playing key role for CO2 gas detection. Building on similar 
concepts, many efforts were reported and a detailed summary of literature review of chemo-
resistive/chemo-capacitive CO2 gas sensors is tabulated in Table 2.7. 
 
Table 2.7: Summary of MOS based chemo-resistive/chemo-capacitive CO2 gas sensors. 
Material Type Max. 
Gas 
Conc. 
(ppm) 
Tem
p. 
(oC) 
Sensor 
Response** 
�
𝑹𝑪𝑶𝟐
𝑹𝑨𝒊𝒓
� 𝒐𝒓 �
𝑪𝑪𝑶𝟐
𝑪𝑨𝒊𝒓
� 
Ʈres 
 (s) 
 
 
Ʈrec 
 (s) 
Selectivity Ref. 
CuO-BaTiO3 C 20000 456 2.98 25 180 Selective in 
presence of H2, CO, 
C2H5OH and CH4 
87-88 
1%Ag-CuO-BaTiO3 C 20000 470 7.9** 420 240 Selective in 
presence of H2, CO, 
C2H5OH and CH4 
87-88 
CuO-BaTiO3 C 20000 412 2.34 600 200 NR 89 
CuO-BaTiO3 R 5000 300 1.9** 120 180 NR 90 
1.5%Ag-CuO-BaTiO3 R 5000 300 2.6** >12
0 
>180 NR 90 
CuO-BaTiO3 R 5000 25±1 3.3 300 300 NR 91 
CuO-BaTiO3 C 5000 25±1 3.3 120 120 NR 91 
CuO-BaTiO3 C 20000 440 2.45 60 300 NR 92 
1%Ag-CuO-BaTiO3 C 20000 457 7 120 300 NR 92 
BaxWOy R 2500 450 5.2 NR NR In presence of CO 93 
BaTiO3/CuO/La2O3 R 3000 300 4** 600 NR NR 94 
CuO-BaTiO3 R 1000 250 1.8** >90 >120 NR 95 
1%Ag-CuO-BaTiO3 R 500 250 3** 90 120 NR 95 
CuO-BaTiO3 R 700 120 1.24 5 18 In presence of CO, 
SO2 & NO2 
96 
1%Ag-CuO-BaTiO3 R 700 120 1.40 3 5 In presence of CO, 
SO2 & NO2 
96 
Nd2O2CO3 R 300 400 2.9 NR NR NR 97 
LaOCl R 2000 260 3.4 NR NR NR 98 
LaOCl/SnO2 R 4000 400 6.8 15 19 In presence CO, 
NH3, LPG, NO2 
99 
La2O2CO3 R 2000 325 3 NR NR NR 100 
La2O3/SnO2 R 1000 500 1.52 NR NR NR 101 
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LaFeO3 R 2000 300 2.19 240 480 NR 102 
CuO-SnO2 R 10000 450 1.36** NR NR NR 103 
0.5%Ag-CuO- SnO2 R 10000 300 0.72 5 30 Selective in 
presence of C2H6O, 
C3H6O & C6H14 
104 
CaO/In2O3 R 2000** 250 1.8** NR NR NR 105 
CuO/CuFe2O4 - 5000 250 1.3 3300 480 NR 106 
CdO R 5000 250 1.7 200 300 NR 107 
La0.8Ba0.2FeO3 R 2000 150 2.29 14 8 NR 108 
Na:ZnO R 2500** R.T 0.819 240 472 NR 109 
**Some values were taken directly from the figures and hence may be approximate. Here Ʈres – response time, 
Ʈrec – recovery time, R.T-room temperature and NR – not reported. 
 
From Table 2.7, literature demonstrates many chemo-resistive CO2 gas sensors employing 
novel composites that showed enhanced sensitivity compared to individual metal oxides, 
however critical sensing parameters such as stability and selectivity in presence of common 
oxidizing interferent gases were rarely reported. This is crucial since the major disadvantage 
of chemo-resistive/chemo-capacitive sensors is their poor selectivity and long-term 
stability.110 Hence, concerted efforts are required to overcome these inadequacies which can 
be to an extent addressed by employing tailored synthesis routes to achieve finely tuned 
morphology for high effective surface area, which may produce more oxygen vacancies for 
charge compensation, thus increasing the sensing efficiency of base matrix.111-112 This is 
primarily important since the sensing mechanism here is reversible reaction taking place 
between CO2 and the oxygen species adsorbed on the sensitive layer.113 Further, another 
effective strategy of combining different types of n-type metal oxides into a composite 
(preferably p-type metal oxides) for their electronic properties can be employed.87 Ishihara et 
al. proposed that p-type metastable oxide such as CuO readily reacts with CO2 to form copper 
carbonate, thereby changing the capacitance/resistance of sensitive layer compared to other 
similar oxides such as NiO, MgO, SiO2, ZrO2, CeO2, La2O3 and PbO etc.87-88 Additionally, 
functionalization of these p/n composites with noble metal for their chemical and electronic 
sensitization could be undertaken. Interestingly, ambiguity in CO2 sensing mechanism was 
observed. For example, Herran et al.90 carried out structural analysis of BaTiO3-CuO thin 
films and substantiated by DRIFTS analysis that the presence of barium carbonate was 
responsible for the reaction in the sensing mechanism. Recently, Tanvir et al.114 demonstrated 
CuO as a promising CO2 detection material and attributed its sensing mechanism primarily to 
the reversible reactions leading to formation of copper hydroxocarbonates. These studies 
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provided significant insights into the sensing mechanism however, there remains ample of 
opportunities and challenges to probe the fundamental sensing mechanism utilizing in-situ 
operando techniques to propose the mechanistic reactions clearly. 
It is a known fact that CO2 is highly stable gas and it is very difficult for a single metal 
oxide component to selectively detect it in lower concentration.87-88 Extensive literature 
review revealed that the mostly p/n heterostructured sensitive layers showed improved 
sensing performance towards CO2 gas. Among the p/n heterojunction, type II contact is 
widely preferred in gas sensing application compared to type I and type III. Since the electron 
charge dynamics occurring through potential barrier formed at p/n junction is vastly favoured 
due to its simplistic nature.115 Amid the p/n heterostructures, n-type metal oxides 
semiconductors such as BaTiO3, ZnO and SnO2 decorated with p-type oxides such as CuO, 
La2O3 and lanthanum oxychloride (LaOCl) were investigated. In p/n composite, n-type metal 
oxide serving as base matrix which can be selected based on several parameters such as band-
gap, work function, charge carrier concentration etc. Table 2.8 summarizes few important 
properties of each of the n-type metal oxide. 
Table 2.8: Summary of electronic properties of the n-type metal oxide semiconductors 
MOS Band-gap 
(eV) 
Work function 
(eV) 
Charge carrier concentration  
(cm-3) 
ZnO 3.3 [116] 5.3 [116] ~1016-1017 [118] 
SnO2 3.5 [116] 4.5 [116] ~3.1×1017-2.4×1018 [119] 
BaTiO3 3.3 [117] 4 [117] ~7 × 1021 cm-3 [120] 
Numbers enclosed in brackets are the references. 
From Table 2.8, it could be observed that although the band-gap remains more or less 
same, there is marked difference in the work function and the charge carrier concentration. 
Thus, it would be interesting to study effect of these parameters on the CO2 sensing 
performance and mechanism by employing sensitive layer made of p/n composites, wherein 
the p-type metal oxide remains constant. It is widely accepted that the sensing phenomenon is 
primarily dependent on the modulation of potential barrier height, charge carrier 
concentration and the amount of surface defect density or oxygen vacancies. Unfortunately, 
these considerations were rarely taken into account and hence, it is anticipated that the studies 
involving effects of these parameters on CO2 sensing performance could pave way for 
research efforts in this direction. Further, selection of p-type oxide for decoration of n-type 
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oxide is dependent on the amount of lattice matching and thermal stability of derived 
carbonate formed spontaneously in the presence of CO2 gas.87-88 Based on these parameters, 
p-type CuO is widely documented in CO2 sensing studies. Interestingly, CuO has narrow 
band-gap (1.2 eV),121 moderate work function (5.3 eV),121 high charge carrier concentration 
(~4.6 × 1018 cm−3)122 and has low lattice mismatching (<5%) with ZnO, SnO2 and BaTiO3.  
Additionally, functionalization of p/n composite with Ag nanoparticles facilitates the gas 
sensing phenomenon by the process of electronic/chemical sensitization and catalytic 
oxidation (formation of Ag/Ag2O redox couple),123 thereby resulting in the increased amount 
of active oxygen species on the surface of the sensitive layer. Silver is more effective as 
catalyst in expediting the copper oxide carbonation in presence of CO2.87-88  This is primarily 
attributed to its role as an efficient electron sink, due its characteristic ability to form large 
Helmholtz double layer.124 Furthermore, Ag nanoparticles over an extended period have 
tendency to form Ag2O in air which promotes more intensified electron depletion layer, thus 
releasing trapped electrons back to base matrix through reversible reactions between Ag2O 
and Ag in presence of CO2. Ag has work function (4.14-4.46 eV), lower than CuO (5.3 eV) 
and most of the noble metal such as gold (5.1 eV), platinum (6.35 eV) and palladium 
(5.22 eV), thus making it preferred choice.125 Due to this, electrons can easily be transferred 
from Ag to CuO, thus leading to the formation of a negatively charged accumulated layer 
around the Ag and CuO interface.124 This process enhances the dissociative adsorption of 
molecular oxygen on the CuO surface, thus increasing the charge transfer dynamics between 
the CO2 gas and CuO surface to form copper carbonate, which is then measured as sensor 
response.  
 
2.2.8 Potentiometric Gas Sensors 
This electrochemical sensor measures the potential difference across the two half-cells 
(forming electrode/electrolyte interfaces), because of the change in ion concentration 
affecting the equilibrium of the redox reactions taking place at the interfaces.126 
Potentiometric sensors are extensively documented in literature for CO2 gas detection owing 
to their exceptional selectivity, high sensitivity and ultra-fast response/recovery times. This 
sensor monitors change in electrical potential compared to previous sensor measuring 
resistance, capacitance, current or mass. Since electrical potential is an intensive property, the 
performance of the sensor is independent of geometry or mass of the sensitive layer. 126 
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Basic configuration of the potentiometric sensor consists of three parts namely, 
sensing/auxiliary electrode, solid electrolyte and reference/counter electrodes. These parts 
vary based on the type of potentiometric sensors as type I, type II and type III. In type I, the 
gas to be sensed is converted to mobile phase in the solid electrolyte.127 Solid electrolyte is 
sandwiched between sensing and reference electrode, thus forming a 3-phase metal/solid 
electrolyte/gas contact point. Sensor response is measured as the function of potential 
difference which is dependent on the difference in the species activity across the electrolyte. 
Oxygen (O2) sensor based on Y2O3 stabilized ZrO2 (YSZ) with platinum electrodes 
consisting of O2- as mobile ion phase is the commercialized form of type I potentiometric 
sensor.127 However, this kind of sensor is not suitable for CO2 sensing owing to the lack of 
solid electrolyte with mobile component originating from such gases. In Type II, mobile ions 
are absent and consists only of an ion related to the target gas which diffuses in the solid 
electrolyte, thus establishing equilibrium with the atmosphere.128 Unfortunately, application 
of type II potentiometric sensor is successful only if for a given target gas, suitable solid 
electrolyte with ionic transference number (transference number is the ratio of total electric 
current carried in an electrolyte by an ionic species) close to 1 exists.126 Interestingly, 
employing mixture of sensing electrode with auxiliary electrode material (such as Na2O3-
Ba2CO3, Na2O3-CaCO3, Li2O3-Ba2CO3, Li2O3-Li2O etc) provides ample of opportunities for 
utilizing solid state potentiometric sensors for difficult-to-detect gases such as CO2, NOx and 
SO2. Type III consists of sensing, auxiliary electrode, solid electrolyte and reference 
electrode.129 Among the three, type III offers more desirable features in terms of mixing 
various materials for constructing or modifying the sensor design for better stability and 
sensing performance.126 Type III sensor design is usually independent of oxygen 
concentration present in chamber atmosphere due to the unique overall cell reaction.130 The 
cell electromotive force (EMF), E is determined from the Nernst equation.131 In this type of 
sensor, two half-cell reactions take place, one at the sensing electrode and second at reference 
electrode. The reaction taking place at sensing electrode gives information about the target 
gas, whereas the reaction at reference electrode counter balances the overall chemical 
equation to form a complete circuit.132 Briefly, this can be written under the standard 
conditions: 
𝐄 =  𝐄𝐎 −  𝐑𝐓
𝐧𝐅
𝐥𝐧𝐐                                                                                                      (Eq.2.3) 
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Where Eo is the standard electromotive force (constant), R is the universal gas constant, T is 
the absolute temperature, F is Faraday's constant (96486 C/mol), Q is the reaction quotient 
and n is the number of electrons in a reaction equation and is related to the amount of charge 
transferred upon completion of reaction. 
The electrode reaction taking place at each half cell can be explained systematically using an 
example. Lee et al.133 reported on solid state potentiometric sensor with cell configuration and 
illustrated schematically in Figure 2.1, 
 
Air, CO2, Au │Li2CO3 – coated BaCO3, │Li3PO4-SiO2│ Li2TiO3+TiO2│ Au, CO2, Air 
 Air, CO2, Au (Sensing +Auxiliary electrode)│(Solid Cationic Conductor)│(Reference electrode)│Air, CO2, Au 
 
This configuration states that the sensor has the following important components, 
1. Sensing electrode of lithium carbonate (Li2CO3, Alfa Aesar) coated with barium 
carbonate (BaCO3, J.T. Baker Chemicals Co) acting as auxiliary electrode in 7:1 
mol.% ratio. 
2. Solid electrolyte composed of lithium phosphate (Li3PO4, Alfa Aesar) with 5 mol.% 
SiO2 to increase sinterability at high calcination temperature. 
3. Reference electrode made of lithium titanate (Li2TiO3, Lithium Corporation of 
America Inc) with 5 mol.% titanium dioxide (TiO2, Alfa Aesar), has its own 
independent potential. 
4. Gold (Au, Heraeus Gold ink) electrode for contacts and the sensor is independent of 
oxygen (O2) and operates in dry and humid air atmosphere. 
 
 
 
 
Figure 2.1: Modified schematic illustration of sensor element structure.133  
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Half-cell reversible reactions taking place at the sensing electrode which acts as cathode (+), 
𝟐𝐋𝐢+ +  𝐂𝐎𝟐 + (𝟏/𝟐)𝐎𝟐 +  𝟐𝐞−  ↔ 𝐋𝐢𝟐𝐂𝐎𝟑                                                              (Eq. 2.4) 
𝐁𝐚𝟐+ +  𝐂𝐎𝟐 + (𝟏/𝟐)𝐎𝟐 +  𝟐𝐞−  ↔  𝐁𝐚𝐂𝐎𝟑                                                              (Eq. 2.5) 
𝐋𝐢𝟐𝐂𝐎𝟑 +  𝐁𝐚𝐂𝐎𝟑 = 𝐋𝐢𝟐𝐎 + 𝐁𝐚𝐎 + 𝟐𝐂𝐎𝟐                                                                 (Eq. 2.6) 
Half-cell reversible reaction taking place at the reference electrode which acts as anode (-), 
𝟐𝐋𝐢+ +  𝐓𝐢𝐎𝟐 +  (𝟏/𝟐)𝐎𝟐 +  𝟐𝐞−  ↔ 𝐋𝐢𝟐𝐓𝐢𝐎𝟑                                                           (Eq. 2.7) 
The overall reaction for the open cell can be expressed as,  𝐋𝐢𝟐𝐂𝐎𝟑 + 𝐓𝐢𝐎𝟐   ↔ 𝐋𝐢𝟐𝐓𝐢𝐎𝟑 +  𝐂𝐎𝟐                                                                         (Eq. 2.8) 
Also for the series of reduction-oxidation reactions taking place we can write as below, 
𝐎𝐱 +  𝐧𝒆−  → 𝐑𝐞𝐝                                                                                                        (Eq. 2.9) 
𝑸 =  [𝐚𝐑𝐞𝐝][𝐚𝐎𝐱]                                                                                            (Eq. 2.10) 
Where, a is the chemical activity of material at the sensing electrode, Ox is oxidant and Red 
is reductant. 
𝐄 =  𝐄𝐨 − �𝐑𝐓
𝐧𝐅
� 𝐥𝐧
[𝐚𝐑𝐞𝐝][𝐚𝐎𝐱]                                                                     (Eq. 2.11) 
Based on the equation 2.4 through 2.10, for a potentiometric CO2 sensor with Li3PO4 as solid 
electrolyte, the Nernstian behaviour can be modified as below: 
𝐄 =  𝐄𝐨 − �𝐑𝐓
𝟐𝐅
� 𝐥𝐧
�𝐚𝐋𝐢𝟐𝐓𝐢𝐎𝟑�.�𝐏𝐂𝐎𝟐�
�𝐚𝐋𝐢𝟐𝐂𝐎𝟑�.�𝐚𝐓𝐢𝐎𝟐�                                                                  (Eq. 2.12) 
 
From equation 2.12, it can be inferred that the electrode potential (E) developed at sensing 
electrode is proportional to the logarithm of CO2 concentration and the number of electrons 
(n) participating in the chemical reactions taking anode and cathode are 2.133 Hence, n is 
equal to 2. This potential difference developed due to Li+ ion activity at the 
electrode/electrolyte interface is measured as sensor response. For reference electrode 
material, Li+ ion activity remains constant because the half-cell reactions taking place at the 
anode is independent of CO2 partial pressure.131-132 From the above-mentioned reactions, it 
can be observed that only Li+ ion in mobile phase interact with CO2 gas molecules thus 
making this sensor highly selective. In presence of other common interfering gases such as 
SO2, NOx, and CO, it would be highly unlikely for such reactions to take place at both anode 
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and cathode. It is thus assumed that for this reason the potentiometric sensor electrodes are 
considered ion selective and target gas dependent. Table 2.9 summarizes type III 
potentiometric CO2 gas sensors reported in literature working under different operating 
conditions. Selectivity tests in each of listed potentiometric sensor mentioned in Table 2.9 
was not reported, which can be attributed to highly selective nature of the sensor. Sensing 
electrode and solid electrolyte based on Na+ ion sensing performance deteriorates quickly in 
humid atmospheres, leading to unstable sensor signal.126 However, this was overcome by use 
of Li+ based ionic conductors and sensing electrodes with auxiliary materials such as CaCO3, 
BaCO3 and so on.126 
 
Table 2.9: Summary of type III potentiometric CO2 sensors.126  
Cell Structure  
(M, RE | Solid Electrolyte| SE| CO2, O2/air, M’) 
T(oC) 
  
Gas Conc. 
Range (ppm) 
Response 
time (s) 
Ref. 
Au,O2|NASICON/β-Al2O3|Na2O3|CO2, O2, Au 320-550 10-4.7×104 300 134 
Pt,O2|NASICON|Na2O3|CO2, O2, Pt 370-520 100-10000 120 135 
Pt, Au-Pd, O2, CO2|NASICON|Na2O3|CO2, O2, Pt 380-450 150-10000 NR 136 
Au, O2|YSZ|NASICON|Na2O3|CO2, O2, Au 520-730 200-5.5×105 NR 134 
Pt, O2|CSZ|NASICON|Na2O3|CO2, O2, Au 560-650 104-105 NR 137 
Na|Na+- β/ β´´-Al2O3|Na2O3,CO2, O2, Pt 150 104-6×105 600 138 
Pt, CO2, O2|Li2CO3|Li1.3Al0.3Ti0.7(PO4)3|Li2O3,CO2,O2, Pt 650 80-10000 <60 139 
Pt, O2|NASICON|BaCO3-Na2CO3|CO2,O2, Pt 550 4-400000 8 140 
Pt, air|NASICON|Li2CO3-CaCO3|CO2, air, Pt 450-600 250-2000 8 141 
Pt, air|NASICON|Li2CO3-CaCO3|CO2, air, Pt 500 100-100000 8 142 
Pt, air|NASICON|Li2CO3-CaCO3|CO2, air, Pt NR 100-2000 10-50 143 
Pt, air|NASICON|Li2CO3-BaCO3|CO2, air, au 350-600 20-10000 8 144 
Pt, air|NASICON|Li2CO3-BaCO3|CO2, air, Pt 350-450 300-5000 10 145 
Au, O2, CO2|Li2CO3+Li2O|LiTi2(PO4)3+0.2Li3PO4| 
Li2CO3+Li2O|CO2, O2, Au 
650 80-13000 NR 146 
Pt, O2|MgZr4(PO4)6|Na2CO3|CO2, O2, Pt Mg-Ca(1:1) 400-500 10-106 Many mins 147 
Pt, O2|MgZr4(PO4)6|Na2CO3|CO2, O2, Pt Mg-Ca(1:1) 400-500 10-106 Few mins 148 
Pt, O2|Mg1.15Zr4P5.7 Si0.3O24|(Na,K)2CO3|CO2, O2, Pt 300-500 5000-6×106 <5 mins 149 
Pt, air(+CO2) |Mg-ZrO2|Li2CO3|CO2, Air, Au 400-600 100-1000 Several tens 150 
Pt, air(+CO2) |Mg-ZrO2|Li2CO3|CO2, Air, Au 500-650 NR 10 151 
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Pt, air(+CO2) |LaF3|Li2CO3|CO2, Air, Au 400-450 40-2000 10-20 152 
Au, O2, CO2|( Li2CO3+5mol.% Li3PO4)+25wt.%Al2O3|CO2, 
O2, Au 
300-600 10-1000 10-30 min 153 
Au,O2|Na2Ti6O13-Na2Ti3O7(orTiO2)|Na- β/ β´´-
Al2O3|Na2CO3|CO2, O2, Au 
500-750 740-9.55×106 Few sec 154 
Pt, air|K2O-Sm2O3-6SiO2|K2CO3|CO2, O2, Au 300-500 10-10000 240 155 
Au, Na0.9CoO2-y|NASICON|Na2CO3|CO2, air, Au 500 103-8×104 60-240 156 
Pt, O2|YSZ|Na2O-Al2O3-4SiO2|Na2CO3|CO2, air, Pt 470 10-104 120 157 
Au|Li3Zr2Si2PO12|Li2CO3-K2CO3-Na2CO3|CO2 420 103-104 15-20 158 
Pt, O2|YSZ|(β+β´´)Al2O3|Na2CO3|CO2, O2, Au 400-600 65×104 1800 159 
Pt, O2|YSZ|Sc2(WO4)3|Li2CO3|CO2, air, Pt 550 200-5×104 NR 160 
Au-Pd, O2|NASICON|Na2CO3-BaCO3|CO2, air, Pt 600-700 250-104 NR 161 
Pt, air|NASICON|Na3PO4-NaHCO3-Na2CO3|CO2, air, Au 30 300-3000 300 162 
Au|LiCoO2+5mol.%Co3O4|Li2.88 PO3.73 N0.14|Li2CO3|CO2, air, 
Au 
400-500 200-3000 20 163 
Au, O2|LiFeO2-LiFe5O8|Li+-glass conducting|Li2CO3-
Li3PO4|CO2, air, Au 
500 350-105 30 164 
Au, NaxCoO2|NASICON|Li2CO3-BaCO3+In2O3-SnO2|CO2, 
air, Pt 
30 300-3000 <180 165 
Au|Li2TiO3-TiO2|Li3PO4-SiO2|Li2CO3-BaCO3|CO2, Air, Au 450-500 500-5000 20-27 166 
Au, LiMn2O4|Li2CO3-Li3PO4-Al2CO3|CO2, Air, Au 200-500 100-2000 NR 167 
Air, CO2, Au|Li2TiO3-TiO2|Li3PO4-SiO2|Li2CO3-BaCO3| Au, 
CO2, Air 
500 500-20% 14-54 133 
M, M’ – Metal electrodes, RE-Reference electrode, SE-Sensing electrode, T- Operating temperature, NASICON 
- Na1+xZr2SixP3−xO12, 0 < x < 3, NR- Not Reported, YSZ - Yttrium stabilized zirconia and CSZ - Cubic stabilized 
zirconia. 
From Table 2.9, many novel potentiometric CO2 sensors have been reported in the literature 
however, long-term repeatability and continuous operation were not studied. Moreover, 
unique properties of nanomaterials such as high surface area, active facets, surface defects 
etc, that have been extensively documented to enhance the sensing performance of chemo-
resistive/capacitive CO2 sensors can be potentially used in case of potentiometric sensor. By 
employing this strategy, improvement in structural stability and sensitivity under different 
operating conditions can be anticipated. 
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2.3 SUMMARY AND CONCLUSIONS 
The adverse effects of CO2 gas emissions arising primarily due to anthropogenic sources 
have surged research efforts into design and development of highly efficient and selective gas 
detection systems. Based on the critical literature review, the current detection techniques 
utilizing analytical and spectroscopic methods were found to possess several disadvantages 
including cross-interference and stability. Micro-sensors based on chemical and 
potentiometric principles were found to overcome these inadequacies to a great extent. 
Chemo-resistive sensors clearly showed several advantages over NDIR, SPR, SAW and 
cantilevers sensors owing to its simplicity and robust nature. Nanostructuring and catalytic 
functionalization of sensitive layer enhances the sensitivity at lower operating temperatures 
(<300oC). Further, these sensors do not require expensive facilities such as clean rooms, 
micro/nano contact lithography for patterning, photolithography etc, which makes their 
fabrication cost-effective.  
Prior to this thesis work, many novel CO2 sensitive materials working on chemo-resistive 
have been reported. However, these studies lacked few crucial investigations such as effect of 
sensitivity as a function of operating temperature, composition ratios, noble metal ratios and 
gas concentration. Selectivity performance in presence of similar gases such as NO, CO, SO2 
and NO2 were rarely given importance. In addition, the sensitive layers reported were found 
to be prepared using thick/thin film, solid state ceramic or high-temperature sintering 
methodologies which are known to produce final product with high crystallinity but at the 
cost of low effective surface area and inactive surface species. These limitations hinted at 
potential use of tailored synthesis routes, functionalization with noble metal/metal oxides and 
modification of sensor design for improvement in sensing performance. Taking leaf out of 
previously reported work on chemo-resistive sensors 87-96, 103-104,109 (ZnO, SnO2 and BaTiO3) 
decoration of Ag@CuO with n-type metal oxide semiconductors can result in micro-sensors 
operating at low operating temperatures having potential for ultra-sensitive and selective gas 
detection. Furthermore, exceptional performance of potentiometric sensors reported in 
literature in terms of high selectivity and ultra-sensitive were motivating126 but at the cost of 
high operating temperature and poor electrochemical stability. Hence, modification of sensor 
configuration and materials especially reference electrode is required for enhancing the 
stability of electrochemical device in humid and dry conditions. Additionally, insights on 
sensing mechanism needs to be investigated for better understanding of reversible 
interactions of CO2 gas with sensitive layer for their feasibility from commercialization point 
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of view. The knowledge gaps observed here were taken into consideration that eventually 
motivated to the development of tailored nanostructures for selective and ultra-sensitive 
detection of CO2 gas at lower concentrations. 
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Chapter 3 
 
Experimental Setup 
 
 
This chapter details materials synthesis routes to obtain sensitive materials, characterization 
techniques, sensor fabrication and testing procedures used during the course of this thesis 
work. 
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3.1. OVERVIEW 
Optimal functioning of chemo-resistive gas sensors involves considerations from many 
technical and practical standpoints. Physico-chemical and electrical considerations play 
crucial role in the development of high performance gas sensors. In this chapter, an attempt 
has been made to succinctly describe the synthesis routes, materials characterization 
techniques, sensor fabrication methods and sensing system as well as describe the in-situ 
spectroscopic techniques to substantiate the gas sensing mechanism. 
 
3.2. Synthesis Methods 
The following subsections detail the synthesis routes employed to achieve sensitive materials 
for potentiometric and chemo-resistive CO2 gas sensors. The materials synthesized are briefly 
detailed in Table 3.1. 
 
Table 3.1 Summation of sensitive materials, their morphology and the synthesis methods employed. 
Material Morphology Method Chapter 
Section 
Li4Ti5O12 Octahedra Hydrothermal 4.2.2.1 
TiO2 H.Microspheres Hydrothermal 4.2.2.2 
Li2CO3 2D Flakes Co-precipitation 4.2.3.1 
BaCO3 1D Rods Co-precipitation 4.2.3.2 
ZnO H.Microspheres Hydrothermal 5.2.2 
Pure CuO Nano-leaves Co-precipitation 5.2.3 
CuO/ZnO Interleaved Assembly Co-precipitation 5.2.3 
Ag@CuO/ZnO Interleaved Assembly Wet-Impregnation 5.2.4 
SnO2 H.Nanospheres Sol-gel 6.2.2 
CuO:Cu2O H.Flowers Hydrothermal 6.2.3 
CuO:Cu2O/SnO2 H.Nanospheres Hydrothermal 6.2.3 
Ag@CuO:Cu2O/SnO2 H.Nanospheres Wet-Impregnation 6.2.4 
BaTiO3 Prolated Spheroids Hydrothermal 7.2.2 
Pure CuO Nano-leaves Co-precipitation 7.2.3 
CuO/BaTiO3 Leaves/spheroids Co-precipitation 7.2.3 
Ag@CuO/BaTiO3 Leaves/spheroids Wet-Impregnation 7.2.4 
H – Denotes hierarchical morphology i.e. self-assembly of primary particles. 
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3.2.1. Hydrothermal Method  
Hydrothermal method is a non-conventional process that uses solubility of inorganic 
precursors in water at high temperatures (T<200oC) and pressures (P<1.5 MPa) to achieve 
highly crystalline inorganic materials.1 A direct precursor-product correlation exists, thus 
allowing the tailored synthesis of almost any material with or without structure directing 
agents.2 Here, physical parameters such as reaction temperature, reaction time and water 
pressure (adjusted from the water column height in the autoclave) are important in 
hydrothermal synthesis routes. This route offers many advantages over conventional 
synthetic routes, thereby making it more economical and easier to engineer for defect tuned 
synthesis of almost all metal oxides.3-6 Figure 3.1 illustrates the design of hydrothermal 
autoclave. Teflon lined stainless steel (SS) autoclave was designed using AutoCAD version 
2009 and indigenously fabricated at workshop (Prototype Development and Project 
Engineering Division at CSIR-IICT, India). Autoclave consisted of shell made up of 316L 
grade stainless steel, whereas the core consisted of Teflon purchased from local vendor 
(Qubia Enterprises, Hyderabad, India).  
 
Figure 3.1: Schematic illustration of hydrothermal autoclave. 
 
Figure 3.2 is the illustration of the analogy taking place during hydrothermal network based 
nanomaterial synthesis. Briefly, formation of ZnO microspheres is depicted as an example, 
which is described in detail in section 5.2.2. A similar protocol was extended to other 
materials listed in Table 5.1. 
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Figure 3.2: Analogy in hydrothermal based nanomaterials synthesis route.  
 
3.2.2 Co-precipitation Method 
Co-precipitation is simple technique to precipitate desired material from the solution. In a 
typical process, metal oxides (precursors include sulfate, acetate, nitrates etc.) are precipitated 
owing to their low solubility using a mineralizer (NaOH, KOH, urea etc.) at a low 
temperature.7 In this process, it is very important to have good initial mixing of precursors so 
as get to uniform product, thereby avoiding aggregation. Further, rate of stirring strongly 
influences the nucleation and growth rate. As an example, synthesis of p-CuO/n-ZnO 
composite is depicted in Figure 3.3, which is described in detail in section 5.2.3.  
  
 
 
Figure 3.3: Analogy in co-precipitation based materials synthesis route.  
 
3.2.3 Wet Impregnation Method 
Wet impregnation is a similar technique to co-precipitation and precipitation and was used 
for materials listed in Table 3.1.9 In this thesis work, p/n nanocomposites were decorated with 
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Ag in various weight percentages using this technique. Briefly, the as-synthesized composite 
was dispersed in solvent (either water or ethanol), followed by addition of silver nitrate salt. 
This salt was reduced to elemental silver by addition of calculated amount of reducing agent 
such as sodium borohydride. This described in detail in following chapters (see sections 
5.2.4, 6.2.4 and 7.2.4)  
 
3.2.4 Sol-gel Method 
Sol-gel method is conventional nanomaterials synthesis route involving conversion of a 
precursor solution (nitrate, chloride, acetate, sulfate etc.) into an inorganic solid powder by an 
inorganic polymerization reaction induced by water or any other solvent.10 This method is 
highly dependent on pH, concentration, temperature and type of metal precursors. In this 
thesis work, hierarchical SnO2 nanospheres (see section 6.2.2, used as base matrix for chemo-
resistive sensor) were synthesized using a method similar to previously reported 
methodology.11 Briefly, sol-gel route consisted of following steps: 
 Firstly, a homogenous solution is prepared by dissolution of metal organic precursor 
(sodium stannate) in water. In this step, transformation of the molecular precursor takes 
place into a highly cross linked solid. 
 Conversion of this homogenous solution into highly dispersed colloidal particles (sol) in 
water using suitable reagent (glucose) at optimum temperature (50oC). 
 Aging (~12 h) until the sol condenses into gel usually called as sol-gel transition. 
 Washing (5-6 times) which involved sonication (~10 mins) and centrifugation 
(14000 rpm for 10 mins). This was followed by drying at 60oC overnight to obtain 
xerogel.  
 Heat treatment involving temperatures of 200-600oC.  
Rate of hydrolysis of precursor moieties and condensation to gel plays a decisive role in fine 
tuning the size and morphology of the final product. Generally, slower and controlled 
hydrolysis results in precisely tuned size with specific material properties.12 Sol-gel method 
offers many advantages such as simplicity, easily scalable, precise control of texture and 
well-defined nanostructures having lower environmental impact. 
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3.3. MATERIALS CHARACTERIZATION TECHNIQUES 
This subsection discusses the characterization techniques employed during the course of this 
research work to confirm the phase structure, morphology, oxidation states and other 
important physico-chemical aspects of as-synthesized materials.  
 
3.3.1. Thermogravimetric Differential Thermal Analysis (TG-DTA) 
Thermogravimetric differential thermal analysis (TG-DTA) technique was performed on 
few of the materials detailed in Table 3.1 to determine changes in weight as a function of 
temperature.13-14 The thermogravimetric analysis was done on TA Q50 Analyzer in air 
atmosphere with a heating rate of 10o/min (from 30 to 800oC) for ~3 mg samples. Analysis of 
the thermogram was carried out using universal analysis software provided by the TA 
instruments. In present work, TG-DTA results were used to confirm the thermal stability of 
metal oxide semiconductors (MOS). Further, based on this temperature the sensitive layer 
was stabilized for 5 to 6 h. Briefly, the maximum temperature beyond which the weight loss 
taking place is minimal for each MOS is detailed in Table 3.2. Furthermore, the technique 
was used to obtain information pertaining to adsorbed moisture content of materials and the 
amount of organic residues present in the composite.   
 
Table 3.2 Phase stability observed as a function of optimum temperature. 
Base n-type 
MOS 
Sensor Platform Temperature 
(oC) 
Time (h) Chapter 
Section 
Li4Ti5O12 Potentiometric 600 2 4.3.1.1 
ZnO Chemo-resistive 300 2 5.3.1.1 
SnO2 Chemo-resistive 300 2 6.3.1.1 
BaTiO3 Chemo-resistive 400 2 7.3.1.1 
 
3.3.2. High-Temperature (HT-XRD) and Powder (P-XRD) X-Ray Diffraction 
Technique  
X-ray powder diffraction (XRD) is a fingerprint analytical technique used for establishing 
crystallinity, phase identification and determination of crystallite size15 of the materials listed 
in Table 3.1. In-situ high-temperature X-ray diffraction (HT-XRD) patterns were recorded on 
Bruker AXS D8 Advance equipment using a scintillation counter detector in the temperature 
range from 30oC to 700oC to study phase evolution and structural stability at high sensor 
operating temperatures. The powdered X-ray diffractograms of the sensitive materials were 
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recorded on PANalytical Empyrean XRD equipment in the reflection mode using a zero-
background sample holder. Incident radiation was generated using a CuKα source, λ = 1.5406 
Å and data was collected in the 2ϴ range, 10 to 80° in continuous scanning mode with a step 
size of 0.01° using a Pixel 3D detector. 
 
 3.3.3. High Resolution Transmission Electron Microscopy (HR-TEM) 
The transmission electron microscope (TEM) is used to examine the morphology, lattice 
fringes and crystal structure of powder sample in nanoscale details.16 In the present thesis 
work, transmission electron micrographs were taken at 100 kV on JEOL 1010. Additionally, 
high-resolution transmission electron (HR-TEM) micrographs depicting lattice fringes 
confirming p/n heterocontacts in case of chemo-resistive sensors were captured at 200 kV on 
a JEOL-2010. The samples for TEM were prepared by dispersing the powder sample (<1 mg) 
in iso-propanol or toluene by ultrasonication and drop drying onto a carbon coated holey 
copper grid.  
 
 3.3.4. Field Emission Scanning Electron Microscopy (FE-SEM) and Energy 
Dispersive X-ray Spectroscopy (EDS) 
The field emission scanning electron microscope (SEM) is one of the most versatile 
instruments available for the examination and analysis of the microstructure morphology, 
grain orientation and distribution of atoms/materials on surface using backscatter detector17 
of materials listed in Table 3.1. For the present work, field-emission scanning electron 
micrographs (FE-SEM) were recorded on a JEOL JSM-7610F (JEOL Inc. Japan). Chemical 
composition of the materials was quantified using energy dispersive X-ray analysis (EDS) 
performed with OXFORD Inca detector. Additionally, for some samples EDS was performed 
on FEI Quanta 200 ESEM equipped with Oxford X-MaxN 20 EDXS Detector (to avoid any 
additional conductive material sputtering) at an accelerating voltage of 25 kV at a pressure 
10-9 Torr. 
 
3.3.5. Fourier Transform Infrared Spectroscopy (FT-IR) 
FT-IR spectroscopy is used to identify bond types, structures, and functional groups in 
organic and inorganic compounds.18 In this thesis work, FT-IR was used to follow the 
formation of the nanocomposites in the case of CuO:Cu2O/SnO2. The FT-IR spectrum was 
collected in the mid-IR absorption range of 4000-400 cm-1employing a Bruker ALPHA-T 
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instrument (see section 6.3.1.4). Typically, the samples (~1 mg) were ground with KBr 
(~100 mg) and pressed into transparent pellets of approximate dimensions, diameter              
(D) = 1.2 cm and thickness (t) = 0.02 cm, followed by vacuum drying at 60oC for 30 minutes 
prior to each run. The transmittance spectra collected for 256 scans with a resolution interval 
of     2 cm-1, were corrected for baseline, atmospheric interference and also normalized before 
comparative evaluation. 
 
3.3.6. micro-Raman Spectroscopy 
Raman spectroscopy technique is widely used to identify vibrational, rotational, and other 
low-frequency modes in a system.18 In the present thesis work, micro-Raman spectra gave 
information on existence of p/n phase and oxygen vacancies in the nanocomposite listed in 
Table 3.1. Further, it confirmed phase transition from LiTiO2 to Li4Ti5O12 in case of 
potentiometric sensor (see section 4.3.1.3). Raman spectra were recorded using HORIBA 
Jobin Yvon Raman Spectrometer, equipped with 17 mW internal excitation source of He−Ne 
laser (632.8 nm) and a CCD camera while the scan resolution was held at 2 cm-1. 
 
3.3.7. Photoluminescence Spectroscopy 
For the present work, the room-temperature photoluminescence measurements were 
carried out on pure SnO2 and CuO:Cu2O/SnO2 to confirm formation of p/n hetero-contacts 
(see section 6.3.1.5). Spectra were taken using HORIBA Jobin Yvon spectrofluorometer 
equipped with solid state attachment consisting of xenon lamp (450 W) as light source.  
 
3.3.8. BET Surface Area & BJH Pore Size Distribution Analysis 
Material surface area was determined from N2 adsorption-desorption studies performed at 
77 K on a Micromeritics ASAP 2020 and Quantachrome Autosorb automated gas sorption 
system (Nova 4000e). The samples were pretreated overnight at 200oC prior to the analysis. 
The specific surface area and the pore-size distribution (PSD) were calculated by employing 
the Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) methods respectively. 
 
3.3.9 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) surface analyses were carried out to determine 
oxidation states of the element19 present in the materials listed in Table 3.1 using a Thermo 
Scientific K-Alpha instrument (monochromatic Al Kα radiation, Ephoton=1486.6 eV) at a 
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vacuum better than 4.02×10-7 Torr. Data acquisition and analysis was carried out using 
Avantage v.488. The binding energy in each case was corrected with an internal reference 
peak, i.e. C 1s peak from the adventitious carbon, at a binding energy position of 284.6 eV. 
Sample charging was mitigated using a low energy flood gun. 
 
3.3.10 Electrical Characterization 
Current-voltage (I-V) measurements were carried out to verify Schottky barrier present at 
the p/n interfaces of the composite.20-21 Nanoscale I-V curves were acquired from Bruker 
Dimension Icon-Atomic Force Microscope (AFM) equipped with PF-TUNA module to carry 
out conducting AFM studies. This is described in detail in section 5.3.3.2. The localized I-V 
measurements were carried out using conducting-AFM technique with a Pt/Ir tip of ~20 nm 
radius in ambient conditions on the sensitive layer spin coated on fluorine doped tin oxide 
(FTO) substrate. The bias was applied to the platinum tip while the FTO coated with 
composites remained grounded. I-V traces were acquired by sweeping in a bias window of     
-10 to 10 V with a compliance current of ± 250 pA.  
Bulk I-V measurements were carried out on IVIUM electrochemical workstation at room 
temperature. This is described in detail in section 7.3.3.2. In a typical sample preparation 
technique, a thin pellet (~1 mm) was made using FT-IR pellet machine out of p-type CuO. 
The n-type metal oxide semiconductor (BaTiO3) paste was brush coated on the pellet 
followed by calcination at 300oC for 0.5 h. Then this pellet was then placed between two Ag 
electrodes for I-V measurements. One side of Ag electrode was sealed with Kapton tape 
serving as spacer. Only small diameter (~5 mm) of Ag electrode was kept open, which 
touched the CuO pellet region. The composite materials were contacted through silver 
electrodes on the two sides of p/n interfaces. I-V curve was obtained in a voltage window of   
-10 to 10 V at a scan rate of 100 mV.s-1. 
  
3.4 CO2 GAS SENSING PERFORMANCE 
This subsection details the sensor set-up, element fabrication techniques and general test 
patterns that were employed to determine the performance of potentiometric and chemo-
resistive gas sensors. Following which the various sensing parameters such as sensitivity, 
selectivity, stability, calibration curves and response/recovery times were investigated 
utilizing the specified test pattern. 
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3.4.1 Potentiometric Sensor Set-up and Fabrication 
The sensor element was fabricated by following a previously reported methodology.22 
Schematic of sensor element fabrication is illustrated in Figure 3.4. Briefly, appropriate 
amounts of the oxides in required mol.% composition were taken in an agate mortar and 
mixed thoroughly with a pestle. Commercial Li3PO4 (2 g) (Sigma-Aldrich Chemicals Co.) 
mixed with 5 mol.% SiO2 (0.0546 g) (Leonid Chemicals) was used as the solid electrolyte. 
SiO2 was added to Li3PO4 powder to impart mechanical strength and enhance its sinterability. 
Li2CO3 (2 g) mixed with 10 mol.% BaCO3 (0.503g) was used as the sensitive material. 
BaCO3 was added to Li2CO3 powder to minimize interference from humidity.22 Li4Ti5O12 
(2 g) mixed with 10 mol.% TiO2 (0.1617 g) was used as reference material. TiO2 was added 
to the Li4Ti5O12 powder to compensate reaction taking place at the reference electrode.23 In 
general, potentiometric type III sensor comprising of carbonate auxiliary phase as sensing 
electrode shows inconsistency between single sensor elements and poor long term stability.24 
In order to overcome these drawbacks, lithium titanate/titania mixtures are commonly tried, 
as these two phase mixture systems provide a thermodynamically stable response based on an 
oxygen independent overall redox reaction.  
From Acros Organics, α-terpineol was purchased and used as a binder to make slurry of 
respective mixtures to be applied as sensing and reference electrode. Two potentiometric 
sensors were fabricated using same procedure. The one with commercially procured materials 
was named as CP-sensor. The second was fabricated using as-synthesized nanomaterials 
named as NP-sensor. The CP-solid electrolyte, NP-sensing and NP-reference electrode 
materials were ball milled using distilled water at 300 rpm for 10 h, centrifuged and dried at 
80oC overnight. An electrolyte pellet (D – 12 mm and t – 1 mm) consisting of a fine mixture 
of Li3PO4 and SiO2 was prepared by hydraulic compression at 1000 psi. The pellet was 
sintered in air at 800oC for 8 h with heating and cooling rates maintained at 2oC/min in order 
to achieve good densification. On both sides of the pellet, electrodes were provided for 
electrical contacts by fusing silver paste and wire at 600oC for 1 h with heating and cooling at 
the rate of 5oC/min. Reference electrode material in both devices was coated onto the pellet 
and sintered at 700oC for 1 h with a heating rate of 5oC/min. Similarly, the other side of the 
pellet was coated with sensing material paste and sintered at 600oC for 1 h at a heating rate of 
5oC/min.  
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Figure 3.4: Schematic illustrating the sensor element fabrication 
 
Figure 3.5 shows the potentiometric sensor set-up. The sensor experiments were carried 
out in a conventional indigenously built gas flow apparatus. For the sensing tests, the sensor 
element was inserted into 100 ml quartz tube placed in the central portion, where uniform 
temperature zone was maintained by a horizontal tubular Heraeus furnace. The electric 
potential differences of the sensor were measured by the two-probe technique with a 
multimeter (FLUKE 45). All sensor devices were equilibrated at 500oC for 6 h prior to the 
sensing experiments. CO2 gas balanced with synthetic air was passed at a gas flow rate of 
200 sccm to realize a desired analyte concentration of 100 - 10000 parts per million (ppm). 
The sensor response was investigated at the concentrations of 100, 500, 1000, 5000 and 
10000 ppm for the 60 s in a sequential manner by monitoring the electromotive force (EMF). 
The EMF difference between 1000 and 100 ppm was denoted as ∆EMF/decade (mV), that is 
EMF variation of the cell with 10 times increase in the CO2 gas concentration of the 
potentiometric sensor.25 Gas mixture of CO2 and ambient air was bubbled through water at 
room temperature to obtain close to 100% humidified gas at room temperature. In these tests, 
the relative humidity was measured to be 70% at room temperature. 
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Figure 3.5: Experimental set-up for potentiometric CO2 gas sensor. 
 
3.4.2 Chemo-resistive Sensor Set-up and Fabrication 
Materials tested for chemo-resistive sensing comprised of Ag@CuO decorated n-type 
metal oxide semiconductors (ZnO, SnO2 and BaTiO3). Figure 3.6 illustrates the chemo-
resistive sensor element.26 In each case, the sensor element was fabricated by making uniform 
paste of as-synthesized Ag decorated p/n composite with ethanol and brush coating it onto 
cylindrical alumina tubes of length 15 mm and diameter 5 mm provided with two platinum 
(Pt) electrodes (Sigma-Aldrich Chemicals Co.CAS No. 7440-06-4) for the electrical contacts. 
The platinum wire procured was 0.5 mm in diameter with an electrical resistivity of           
10.6×10-6 Ω.cm at 20oC. Nikrothal 80 wire (Sandvik Asia Pvt. Ltd, Pune, India) was used as 
heater with coil inserted inside the alumina tube (Qubia Enterprises, Hyderabad, India) to 
maintain the high temperature during the sensing experiments. Nikrothal 80 is an austenitic 
nickel-chromium (Ni-Cr) alloy wire characterized by high resistivity, stability and highly 
resistant to oxidation. These wires are usually preferred as electric heating element for 
continuous high temperature applications. Wire with diameter 0.5 mm with an electrical 
resistivity of 1.09×10-4 Ω.cm with maximum temperature limit of 1200oC was used 
throughout the thesis work. The temperature was measured by using a Chromel-Alumel K 
type thermocouple (Techno Instruments, Gandhinagar, India) in contact with the sensor 
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surface. Figure 3.7 illustrates the experimental set-up used for chemo-resistive CO2 gas 
sensing.  
 
     
 
Figure 3.6: Chemo-resistive sensor element (a) bare element and (b) Ag@CuO/BaTiO3 coated 
element. Where, 1-4 and 2-3 are for resistance measurement and heater connections respectively. 
 
 
 
 
Figure 3.7: Experimental set-up for chemo-resistive CO2 gas sensor. 
 
3.4.3 Pre-treatment  
Based on the literature review undertaken, sensor stabilization by pre-heat treatment in 
presence of target gas was deemed necessary prior to the sensing experiments.27 This 
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procedure involved continuous exposure of sensitive layer to CO2 gas at a high temperature 
(determined from TG-DTA data) for few days before testing it at lower operating 
temperatures. The optimum temperature at which each sensitive layer was stabilized before 
carrying out sensing experiments is listed in Table 3.3. This was primarily done to ensure 
complete crystal restructuring at atomic level in addition to imparting mechanical strength to 
the sensitive material. This aging of sensitive layer ensures stable and repeatable performance 
during the tests.  
 
Table 3.3 Optimum stabilization temperature for sensitive materials 
Base n-type 
MOS 
Sensor Platform Temperature 
(oC) 
Time (h) Chapter 
Section 
Li4Ti5O12/TiO2 Potentiometric 500 6 4.3.1.1 
CuO/ZnO Chemo-resistive 500 6 5.3.2.1 
CuO/SnO2 Chemo-resistive 500 6 6.3.1.1 
CuO/BaTiO3 Chemo-resistive 400 6 7.3.2.1 
 
3.4.4 Temperature Profile 
After pre-treatment, the sensors were tested as a function of operating temperature from 40 
to 400oC in steps of 20oC increments, except where specified. The sensing tests were 
performed from high to low temperatures towards 5 different CO2 gas concentrations (100, 
300, 500, 700 and 1000 ppm).  The sensors were exposed to each concentration of gas and 
checked for corresponding maximum sensor response. For example, the sensor was exposed 
to 5 min of CO2 gas concentration followed by regeneration in presence of dry air for 20 min, 
while maintaining constant temperature and flow rate of 200 sccm. This was taken as one 
pulse. Such pulse was repeated 10 consecutive times so as to perform reasonable statistical 
analysis. Further, from the generated temperature profile as a function of standard deviation 
(±σ), maximum sensor response at the operating temperature was assumed as the optimum 
working temperature. The data points obtained additionally gave information about dynamic 
response and detection range of the sensor under study.   
 
3.4.5 Optimization of Sensitive Material 
The n-type metal oxide semiconductors (ZnO, SnO2 and BaTiO3) were decorated with     
p-type CuO and Ag in controlled amounts. Each of the synthesized composite deposited on 
the sensor platforms were tested as a function of operating temperature towards different CO2 
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gas concentrations. This enabled to determine of optimum materials composition that 
provided the optimal sensitivity and response/recovery times. The composite demonstrating 
maximum sensor response at a particular operating temperature was then selected as optimal 
composition. This composite was used to test repeatability and cross-interference from 
commonly found gases in ambient atmosphere. As an example, Table 3.4-3.5 details the 
amount of copper acetate monohydrate and silver nitrate used to decorate calculated amount 
of CuO and Ag over BaTiO3. This decoration protocol was repeated throughout the thesis 
work, unless otherwise specified. In total, 10 BaTiO3 based sensors decorated with CuO and 
Ag in different percentages were tested to determine their CO2 gas sensing performance, in 
addition to control samples (pure BaTiO3 and CuO). In each case to achieve different 
composites, synthesis reaction involved constant amount of NaOH (5 times the amount of 
(CuCH3COO)2.H2O taken in  mmoles) and polyethylene glycol (M.W: 900-
2200, 0.1  mmoles) and sodium borohydride (~3 mg). CuO decoration was carried out using 
simple co-precipitation technique at 70oC for 24 h. Wet-impregnation technique was used for 
Ag decoration over the p/n nanocomposite at room temperature with 30 mins of magnetic 
agitation at 600 rpm. 
 
Table 3.4 Amount of copper acetate monohydrate precursor used to decorate 0.5 g of BaTiO3 to 
synthesize the sensitive layer in various CuO compositions. 
Sensor Material 
(mol ratio) 
CuO 
(moles) 
BaTiO3 
(moles) 
Cu(CH3COO)2.H2O 
(g) 
C- Pure CuO 1 0 0.4275 
B- Pure BaTiO3 0 1 0 
CB-1:8 1 8 0.0535 
CB-1:4 1 4 0.1068 
CB-1:2 1 2 0.2137 
CB-1:1 1 1 0.4275 
CB-1.25:1 1.25 1 0.5343 
CB-1.5:1 1.5 1 0.6412 
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Table 3.5 Amount of silver nitrate precursor used to decorate 0.5 g of CuO/BaTiO3 (CB-1:1) 
nanocomposite to synthesize the sensitive layer in various Ag compositions. 
 
Sensor Material 
(wt.%) 
Ag(0) 
(wt.%) 
Ag(0) 
(mg) 
AgNO3 
(mg) 
CB-1:1 0 0 0 
0.5%Ag-CB-1:1 0.5 2.5 3.94 
1%Ag-CB-1:1 1 5 7.88 
1.5%Ag-CB-1:1 1.5 7.5 11.80 
 
3.4.6 Cross Interference and Repeatability Test  
Following the temperature profile and optimization of the material ratios within the 
sensitive layer were progressed to selectivity tests which involved exposing the sensor to 
various interferent gases such as sulfur dioxide (SO2), nitrogen dioxide (NO2), nitric oxide 
(NO) and carbon monoxide (CO). In each case, total 5 sets of pulses were exposed in a 
continuous manner for one day before allowing considerable time for regeneration. After 
cross-selectivity test, the sensor repeatability and stability was confirmed by exposing the 
sensitive layer continuously to 10 cycles of each pulse per day over an extended period. The 
sensors were allowed to regenerate in air (~1 h) each day before the next set of pulses. 
Throughout these test patterns, the sensitive layer was maintained at constant operating 
temperature that was optimum for each specific composite.  
 
3.5 PROPOSED GAS SENSING MECHANISM  
Gas sensing mechanism in case of CuO/ZnO and CuO/BaTiO3 nanocomposite tested as 
sensitive layer was substantiated by in-situ diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS). DRIFT spectroscopy is an operando methodology that correlates the 
sensing performance with the spectroscopic data obtained under similar conditions on the 
same sample.27 The information obtained includes reaction products evolving from the 
surface during exposure to target gas and adsorbed species on the surface. A great number of 
in-situ spectroscopic studies demonstrating the interactions of oxygen and humidity with 
metal-oxide gas sensors in presence of CO, H2 and NO2 have been reported.28-30 But there 
were very few reports explaining the CO2 gas sensing mechanism using in-situ vibrational 
spectroscopic methods.31-32 Hence, in this thesis work in-depth analysis pertaining to species 
participating during the sensing phenomenon was undertaken (see section 5.3.3.2 and 
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7.3.3.2). The measurements were performed on a Perkin Elmer Fourier Transform Infrared 
(FT-IR) spectrometer equipped with a Harrick Praying Mantis DRIFTS unit and a custom-
made sensor chamber. The studies involved 30 mins each of exposure to synthetic air 
followed by exposure to CO2 gas and then regeneration, unless specified. The absorbance 
spectra collected for 256 scans with a resolution interval 32 cm-1, were corrected for baseline 
and normalized before comparative evaluation for each spectrum. The results provided 
insights which upon correlating with other data allowed proposing the plausible sensing 
phenomenon which was in line with existing literature. 
Additionally, a novel in-situ ultra-violet diffuse reflectance spectroscopy was utilized in 
case of Ag@CuO:Cu2O/SnO2 nanocomposite to understand the role of oxygen vacancies 
during the sensing mechanism. Diffuse reflectance measurements performed on UV-Vis-NIR 
Varian Cary 5000 spectrophotometer equipped with a specially designed attachment for 
sensing (Harrick’s Praying Mantis). Measurements involved 10 mins exposure to synthetic 
followed by exposure to CO2 gas at room temperature and 300oC, followed by considerable 
time (30 mins) for regeneration. The reflectance spectra were corrected for baseline and 
normalized before comparison. Potassium bromide (Sigma Aldrich Chemicals Co, IR grade) 
was used as white reflectance standard. This method is described in detail in section 6.3.2.2. 
The measured in-situ spectra were processed using Cary WinUV software version 4.10 and 
later with OriginPro 8.5.  
 
3.6 SUMMARY AND CONCLUSIONS  
In summary, this chapter detailed important synthesis routes namely hydrothermal, co-
precipitation, wet-impregnation and sol-gel that were employed to achieve highly tailored 
nanoarchitectures. Characterization techniques used to evaluate crystal structure, 
morphology, oxidation states, surface area etc. for exposed and unexposed samples were 
briefly discussed. Methods to determine bulk and nanoscale I-V measurements using 
conducting-AFM and MEMS techniques were presented. A custom-built sensor set-up was 
utilized for testing chemo-resistive and potentiometric sensors for their CO2 gas sensing 
properties. Sensing test patterns to determine sensitivity, selectivity and stability as detailed 
were employed for both the micro-sensors developed. Additionally, in-situ DRIFTS and UV-
DRS techniques employed to understand the sensing phenomenon were performed where 
required. 
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CHAPTER 4 
 
Investigating Li4Ti5O12 Octahedra as Reference 
Electrode Material in Nanostructured 
Potentiometric CO2 Sensor 
 
In this chapter, a viable methodology for the synthesis of lithium titanate (Li4Ti5O12) 
octahedra and its employment as reference electrode material in potentiometric CO2 sensor is 
demonstrated. A plausible formation mechanism of Li4Ti5O12 is put forth based on the 
findings from the physicochemical characteristics supported by electron micrographs of 
materials resulting from varying the key synthesis parameters such as cetrimonium bromide 
(CTAB) concentration, hydrothermal reaction time, and temperature. In addition, 
nanoarchitectures of 2D Li2CO3 flakes, 1D BaCO3 rods, and 3D TiO2 spheres were also 
synthesized and used to fabricate potentiometric CO2 sensor prior to comparing with 
potentiometric sensor fabricated using similar commercially available materials (Li2CO3, 
BaCO3, TiO2 and Li2TiO3). The potentiometric sensor fabricated using as-synthesized 
nanomaterials showed agreeable number of cell reaction electrons (n) and electromotive force 
(EMF) values when compared to the sensor fabricated using commercially available bulk 
counterparts.  
 
The work presented in this chapter has been published in: 
[1]. Shravanti Joshi, Satyanarayana Lanka, Samuel J Ippolito, Suresh K Bhargava and 
Manorama V Sunkara, {111} faceted Li4Ti5O12 octahedra as the reference electrode 
material in a nanostructured potentiometric CO2 sensor, J. Mater. Chem. A, 2016, 
4(42), 16418-16431. 
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4.1. INTRODUCTION 
CO2 sensors based on infrared, capacitive, resistive, solid electrolyte using a wide variety 
of sensitive materials have been reported to date.1-13 Among these the potentiometric sensors 
are attractive and are being extensively studied and tested in sectors requiring sensors 
operating efficiently at temperature above 400oC. This is because the ion that migrates in the 
solid electrolyte is the sole species directly responsible for the sensing mechanism resulting 
in a reasonable electromotive force (EMF) over a broad range of test gas concentrations. 
Further, this type of sensor is popularly employed due to their high sensitivity, selectivity, 
robust nature and possibility to miniaturize.  
Although, it has been reported that a sensor consisting of lithium ion conducting solid 
electrolyte (e.g. Li3PO4, LiTi2(PO4)3, lithium phosphorous oxy-nitride (LiPON) and lithium 
super ionic conductor (LISICON)) with auxiliary phase mixture of metal carbonates as 
sensing electrode displays superior sensitivity and selectivity towards CO2 gas, to date the 
research work focused on such sensors is still a formidable task, with only a few systems 
being tested.14-27 In this respect, comprehensive studies pertaining to mixed oxide based 
sensing materials14,28-33 (e.g. Li2CO3-BaCO3, Li2CO3-SrCO3, Li2CO3-CaCO3, and Li2CO3-
Nd2O3) with various reference materials34-36 (e.g. LiMn2O4, LiCoO2, Li3PO4 and Li2TiO3) 
have been the subject of intense study focused on Li+ ion based potentiometric CO2 gas 
sensors. Both thick and thin film are commonly used in the fabrication of sensing and 
reference electrode materials for this class of sensors.37-42 These techniques are facility 
dependent (clean rooms, chemical/physical vapour deposition, etching etc) and contribute to 
the high ionic resistance leading to large ohmic losses and low current yields, making such 
sensors perform poorly with long response/recovery time.43 However, these drawbacks can 
be alleviated to an extent by employing nanostructures which can significantly improve 
effectual sensing area, enhance ion transfer and thus improve the sensor response time. 
Hence, if the selected materials are suitably designed, the large surface area along with the 
hierarchical morphology would potentially enhance the sensors’ performance in terms of 
effective adsorption and desorption of target gas towards and away from the gas sensing 
interface.44-48 Along with this, the specific morphologies and controlled crystal facet growth 
could also selectively promote chemical reactions which would then lead to enhancement in 
the sensor performance from the perspective of sensitivity and selectivity. Howbeit several 
above-mentioned reports, the challenges to develop ultrasensitive CO2 sensor provide ample 
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scope for research and opportunities for the development of exotic materials with desired 
architectures obtained via simple routes. 
In this context, the present investigation attempts to address inadequacies such as 
electrochemical and structural stability by adopting two strategies. Firstly, nanostructured 
spinel Li4Ti5O12 octahedron was chosen as the reference electrode material with a view to 
improve its electrochemical stability over the similar sensor fabricated using commercially 
available materials. Secondly, a potentiometric CO2 sensor is developed wherein the 
synthesized Li4Ti5O12 octahedra is used along with nanostructured 2D Li2CO3 flakes, 1D 
BaCO3 rods, and 3D TiO2 spheres as sensing and reference electrode material. This strategy 
is anticipated to improve the performance by enhancing the interaction of the analyte with the 
electrode materials. Foremost, the synthesis and characterization of spinel Li4Ti5O12 
octahedra achieved by a facile hydrothermal route and heat treatment to obtain the desired 
phase is presented. Reports in the literature concerning Li4Ti5O12 have discussed its synthesis 
and performance from the point of view as an anode material for Li-ion batteries. The focus 
within this body of work was on the synthesis of octahedral nanoparticles, growth mechanism 
and its promising potential application in gas sensors, which has not been studied extensively. 
In addition, this chapter gives a detailed account on the performance of the type III solid state 
potentiometric CO2 sensor with the configuration (air, CO2, Li2CO3-BaCO3, Ag│Li3PO4-
SiO2│Ag, Li4Ti5O12-TiO2, CO2, air) fabricated using suitable nanostructures. Various 
parameters such as sensitivity, stability, response characteristics and recovery time of sensor 
towards CO2 gas in the range 100-10000 ppm at working temperature from 300-600oC were 
investigated under dry and humid conditions.  
 
4.2. MATERIALS AND METHODS 
This section details the chemical precursors, synthesis of sensing electrode, reference 
electrode and solid electrolyte materials and the assembly of these components to fabricate 
nanostructured potentiometric sensors. Additionally, the construction of a potentiometric 
sensor utilising the commercial counterparts of each of the sensor elements is also discussed. 
 
4.2.1 Chemicals 
Lithium hydroxide monohydrate (LiOH.H2O) and lithium chloride (LiCl) (Finar 
Chemicals), titanium dioxide (TiO2), titanium (IV) butoxide (Ti(OCH2CH2CH2CH3)4), 
cetrimonium bromide (C19H42BrN), barium chloride dihydrate (BaCl2.2H2O), sodium 
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bicarbonate (CHNaO3), sodium carbonate (CNa2O3) and oleic acid (C18H34O2) (Sigma-
Aldrich Chemicals Co.), ethanol (CH3CH2OH) (Alfa Aesar) and hydrochloric acid (HCl) 
(Molychem) were used for synthesis of different nanostructured materials. Commercially 
available lithium phosphate (Li3PO4), lithium titanate (Li2TiO3), barium carbonate (BaCO3) 
(Sigma-Aldrich Chemicals Co.), lithium carbonate (Li2CO3) (Alfa Aesar) and silicon dioxide 
(SiO2) (Leonid Chemicals) were used for sensor element fabrication and this was termed as 
CP-sensor element. All the chemicals were of analytical reagent (AR) grade and used without 
any further purification. Throughout the experiments, Sartorius Stedim Biotech S.A      
(Model - Arium 61316) deionized water (18.2 MΩ.cm at 30oC) was used. 
 
4.2.2 Reference Electrode Material 
Reference electrode material consisted of Li4Ti5O12 and TiO2 in 90:10 mol.%. TiO2 was 
added to compensate for reaction taking place at the electrode during CO2 sensing.  
 
4.2.2.1 Preparation of Li4Ti5O12 Octahedra  
Lithium titanate was synthesized by modifying a previously reported procedure.49 In a 
typical synthesis procedure, 10 mmol of CTAB was added to 60 ml of deionized water taken 
in a beaker, followed by the addition of 24 mmol lithium hydroxide monohydrate to make a 
1.4 mM LiOH solution to which stoichiometric amount of titanium dioxide powder (5 mmol) 
was added. After vigorous stirring for 10 min, the suspension was ultrasonicated for 15-
20 min, and the contents were transferred to a 100 mL Teﬂon-lined autoclave and placed in a 
programmable oven. The temperature was elevated to 180°C using a heating rate of 5°C/min 
and held constant at this temperature for 24 h. After completion of the reaction, the resultant 
white precipitate was centrifuged to obtain the product. Repeated washing with deionized 
water and ethanol at 14,000 rpm for 10 min ensured complete removal of all residual 
impurities. Finally, the product was dried overnight in an oven at 60°C followed by 
calcination in a muffle furnace with temperature increased at the rate of 5°C/min and 
maintained at 600oC for 2 h to obtain the final product which was nearly 0.3 g in weight. 
 
4.2.2.2 Preparation of hierarchical 3D TiO2 microspheres  
Hierarchical 3D TiO2 microspheres were synthesized by adopting a reported procedure.50 
Briefly, 4 mL of titanium (IV) butoxide was added dropwise to 2 mL of concentrated HCl 
(36.5–38%) and then 20 mL of oleic acid was added under constant magnetic stirring. After 
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stirring for 15 min at room temperature, the solution was transferred to a Teﬂon-lined 
autoclave of 75 mL capacity and maintained at 180oC for 4 h. After natural cooling, the 
product was collected and washed thoroughly with pure ethanol to remove all organic 
residuals. After drying in air at 60oC for 12 h, the obtained white TiO2 powder nearly 0.2 g 
was ready for further studies. 
 
4.2.3 Sensing Electrode Material  
Sensing electrode material consisted of Li2CO3 and BaCO3 in 90:10 mol.%. BaCO3 was 
added to Li2CO3 to provide it with structural stability in humid condition during CO2 sensing.  
 
4.2.3.1 Preparation of Li2CO3 flakes 
Lithium carbonate flakes were synthesized by taking 30 ml deionized water in a round 
bottom flask that was maintained at 95oC using an oil bath. To this, 2 mmol of lithium 
chloride followed by 1 mmol of sodium carbonate were added and the suspension was 
continually stirred for 2 h. It is observed that the white precipitate (Li2CO3) formed dissolves 
in water rapidly at a temperature less than 90°C therefore, it was necessary to filter the 
solution while in the hot state that is at an elevated temperature of ≥90°C, so as to maximize 
the yield. Finally, the product (50 mg) was dried overnight in an oven at 60°C. 
 
 
4.2.3.2 Preparation of BaCO3 rods  
In a typical synthesis route, 1 mmol of barium chloride was added to deionized water 
containing 0.5 mmol CTAB followed by addition of 1 mmol sodium bicarbonate. Stirring for 
1 h, formed BaCO3 in the suspension which was centrifuged and washed 4-5 times with 
deionized water to obtain the product (0.2 g) which was then dried overnight in an oven at 
60°C. 
 
4.2.4 Solid Electrolyte Material 
Two sensor elements were fabricated. The sensor element fabricated using as-synthesized 
nanomaterials was named as NP-sensor. The sensor element fabricated using similar 
materials procured commercially was named as CP-sensor. NP-sensor was compared with 
respect to CP-sensor. In both cases, solid electrolyte material composed of Li3PO4+5mol.% 
SiO2 was used, wherein Li3PO4 was purchased from Sigma-Aldrich, while SiO2 was 
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purchased from Leonid Chemicals and used without further purification. Before, sintering the 
Li3PO4+5mol.% SiO2 mixture, the bulk powders were ball milled using deionized water at 
300 rpm for 10 h. Post which, it was centrifuged, sonicated and washed with water 2-3 times 
followed by drying overnight at 80oC. For simplicity, the materials used for fabricating NP-
sensor and CP-sensor are listed in Table 4.1 and illustrated in Figure 4.1.  
 
Table 4.1: Synthesized nanomaterials and procured bulk counterparts used for NP-sensor and         
CP-sensor fabrication (# symbolizes commercial materials procured from Sigma-Aldrich or Alfa 
Aesar). 
 
Material NP-sensor CP-sensor 
Solid Electrolyte  #Li3PO4 #Li3PO4 
 #SiO2 #SiO2 
Sensing Electrode 2D Li2CO3 Flakes #Li2CO3 
 1D BaCO3 Rods #BaCO3 
Reference Electrode Li4Ti5O12 Octahedra #Li2TiO3 
 3D TiO2 Microspheres #TiO2 (~20 nm) 
 
 
 
 
Figure 4.1: Schematic illustrating the potentiometric sensor structure. 
 
4.3. RESULTS AND DISCUSSION 
This section discusses the characterisation and CO2 sensing performance results for the CP-
sensors and NP-sensor. The initials subsections discuss the characterisation of the synthesized 
Li4Ti5O12 octahedra, TiO2 spheres, Li2CO3 flakes and BaCO3 rods using TGA, XRD,     
micro-Raman FTIR, SEM and XPS. Thereafter, the comparative CO2 sensor performance of 
CP-sensor and NP-sensor is discussed in detail. 
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4.3.1 Phase Formation and Morphological Evolution of Li4Ti5O12 Octahedra 
 
This subsection discusses the phase transition of Li-Ti-O intermediate complex upon heat-
treatment to Li4Ti5O12 Octahedra supported by the evidences from TG-DTA, micro-Raman, 
FT-IR, P-XRD and electron microscopy. 
 
4.3.1.1 Thermo-gravimetric and differential thermal analysis 
The formation of chemically phase pure lithium titanium oxide is highly temperature 
dependent. The optimal temperature was deduced by studying the thermal decomposition and 
phase evolution behavior of the oven dried powder studied by TG-DTA in flowing air as 
shown in Figure 4.2. The intermediate Li-Ti-O ternary phase exhibited weight loss in three 
main stages. The weight loss of about 4.5% accompanied by an endothermic peak at 140oC in 
the temperature range from 30-200oC could be attributed to removal of surface absorbed 
water.  Further, a weight loss of 1.65% adjuncted by a sharp endothermic peak at 488oC 
would be associated with decomposition of metal-hydroxide-CTA+ complex. The third stage, 
above 550oC corresponding to a weight loss of ~0.5% represents evaporation of volatiles 
accompanying decomposition of partially formed phase. Here it is assumed that the surfactant 
degradation takes place in two steps. The first step (350-450oC) where cetrimonium bromide 
(CTAB) used as surfactant starts to degrade after dehydration of water and which is 
incompletely accomplished. In the second step (450-550oC) remnant surfactant decomposes 
and the degradation process is completed. Thus, it was observed from TG-DTA data that 
600oC for 2 h was required to obtain phase pure lithium titanium oxide sample. 
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Figure 4.2: TG-DTA trace of intermediate LiTiO2 phase i.e. ternary Li-Ti-O phase obtained by 
hydrothermal treatment of TiO2 at 180oC for 24 h in LiOH solution. 
4.3.1.2 X-ray diffraction analysis 
Synthesis scheme employed to obtain spinel Li4Ti5O12 octahedra is illustrated in 
Figure 4.3. X-ray diffractograms of the lithium titanate sample before and after the heat 
treatment is illustrated in Figure 4.4. Peaks observed from Figure 4.4i belong to an 
intermediate Li-Ti-O ternary phase, confirming the formation of rock salt type lithium 
titanium oxide (LiTiO2) with cubic structure (JCPDS file no. 16-0223 and space group – 
Fm3�m (225)).51  
 
 
 
Figure 4.3: Spinel Li4Ti5O12 octahedra synthesis scheme. 
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This ternary phase was then calcined at 600oC for 2 h to obtain Li4Ti5O12 phase. Peaks 
observed from Figure 4.4ii can be indexed to face-centered cubic spinel structure (JCPDS file 
no. 26-1198, space group – Fd3m, a = 0.8357 nm). The calculated lattice constants                 
a = b = c = 0.83 nm are in good agreement with the standard reported values.49 The mean 
crystallite size estimated by applying Scherrer’s formula to the major diffraction peaks for the 
LiTiO2 and Li4Ti5O12 samples were 32 nm and 21 nm respectively. The observed size 
reduction is a direct consequence of the calcination that was involved in the transformation of 
the LiTiO2 into Li4Ti5O12 accompanied by a compaction attributed primarily to reordering at 
the atomic level. Further increase in temperature resulted in the growth of Li4Ti5O12 nano 
octahedra. Except for the small peak at 2Ɵ = 21.02o that could be assigned to Li2TiO3 phase 
(JCPDS file no. 08-0249) all the peaks observed in XRD pattern (Figure 4.4ii) are assigned to 
Li4Ti5O12 phase.49 This spinel is known for its highly insulating nature resulting from 3d0 
electronic configuration of the tetravalent Ti in Li4Ti5O12 spinel oxide.52  
Interestingly, the diffraction pattern of Li4Ti5O12 shows the major peak at 2Ɵ = 43.77o that 
corresponds to (400) plane, contrary to the study by Shen et al.49 who reported major 
diffraction peak at 2Ɵ = 18.60o corresponding to (111) plane. This observation gives an 
impression that the growth of LiTiO2 and Li4Ti5O12 nano octahedra takes place preferentially 
along the [100] direction. This can be attributed to the strong selective interaction of CTAB 
with {111} facets during the reaction. Several researchers have reported that introduction of 
such long chain organic additives during crystal growth process plays a vital role in 
modifying the relative order of surface energies and hence observed preferential growth along 
(400) plane.53-54 Peak positions before and after heat treatment remained unaffected with 
increase in the CTAB concentration as shown in Figure 4.5. However, with variation in 
hydrothermal reaction time drastic change in (111) peak intensity was observed from 
Figure 4.6. From Figure 4.7, X-ray diffractograms revealed that only at 140oC and above, 
spinel Li4Ti5O12 phase occurred with Li2TiO3 in a small amount. At a reaction temperature 
below 120oC, peaks belonging to dormant TiO2 were detected in addition to Li4Ti5O12 and 
Li2TiO3. TiO2 was confirmed to have space group – P42/mnm (136) matching perfectly with 
JCPDS card no: 21-1276. These results hint at decisive role played by reaction parameters 
and are further validated from electron micrographs in succeeding section (section 4.3.1.6).  
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Figure 4.4:  Representative stacked X-ray diffractograms of (i) Ternary Li-Ti-O phase obtained by 
hydrothermal treatment of TiO2 at 180oC for 24 h in LiOH solution (ii) Spinel Li4Ti5O12 synthesized 
by calcining the Li-Ti-O phase at 600oC for 2 h. 
      
Figure 4.5: X-ray diffraction patterns of (i) intermediate ternary phase LiTiO2 achieved 
hydrothermally 180oC for 24 h, (ii) spinel Li4Ti5O12 when changing CTAB concentration, from (a) no 
CTAB to (b) 5 mmoles, (c) 10 mmoles, (d) 15 mmoles and (e) 20 mmoles for both the materials. 
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Figure 4.6: X-ray diffraction patterns of (i) an intermediate ternary phase LiTiO2 at 180oC and (ii) 
spinel Li4Ti5O12 with a constant CTAB content of 10 mmoles and changing hydrothermal reaction 
time to (a) 6 h, (b) 12 h, (c) 24 h, (d) 36 h and (e) 48 h. 
         
Figure 4.7: X-ray diffraction patterns of (i) an intermediate ternary phase LiTiO2 and (ii) spinel 
Li4Ti5O12 as a function of hydrothermal reaction temperature with 10 mmol CTAB concentration and 
24 h reaction time at (a) 100oC, (b) 120oC, (c) 140oC, (d) 160oC, (e) 180oC and (f) 200oC. 
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4.3.1.3 micro-Raman spectral analysis 
Phase transformation process and local structure of cubic spinel Li4Ti5O12 were further 
confirmed by Raman spectroscopy. The micro-Raman spectrum of LiTiO2 and Li4Ti5O12 
nano octahedra in the region 100-750 cm-1 is illustrated in Figure 4.8. The lithium titanium 
oxide spectra revealed characteristic features such as bands observed in the region 550-
700 cm-1 attributed to Ti-O stretching vibrations in TiO6 octahedra,58 while Li-O stretching 
vibrations in LiO4 tetrahedra lie within 400-550 cm-1 range.59 The Raman spectrum of LiTiO2 
(Figure 4.8i) displays five broad peaks at 143, 193, 424 and 662 cm-1. The overall broadening 
of peaks observed here can be attributed to the coupling modes involving bonding of Li 
atoms differently in LiTiO2 structure.59 Low wavenumber bands at 143 (Eg) and                 
193 (Eg) cm-1 correspond to O-Ti-O bending.60 The five Raman-allowed phonon peaks are 
characteristic features of the spinel structure (A1g+ Eg+ 3F2g).59-62 The spectra of Li4Ti5O12 
(Figure 4.8ii) exhibits two strong wavenumber bands one at 657 cm-1 (A1g) and second at 
402 cm-1 with a shoulder band at 418 cm-1 (Eg) and the three medium strength bands at 214 
(F2g), 349 (F2g), and 291 cm-1 with shoulder bands at 274 (F2g) and 306 cm-1.61-62 In the 
Raman spectra, A1g and Eg phonon peaks stand for oxygen ion displacement whereas the 
three F2g peaks represent lithium ion displacement.52 These features are very close to values 
reported in literature.58-61 In addition, three new peaks centered at 115, 485 and 566 cm-1 were 
assigned to the Li4Ti5O12 phase thereby, confirming the phase transformation from LiTiO2 to 
Li4Ti5O12 at 600oC. The formation of the lithium titanium oxide phase can be summarized as 
the hydrothermal and calcination process facilitating the Li+ ion interaction with TiO2 to form 
LiTiO2 and this step is followed by transformation to Li4Ti5O12 by an increase in the 
temperature from 180 to 600oC.  
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Figure 4.8: Representative stacked micro-Raman spectra of (i) Ternary Li-Ti-O phase obtained by 
hydrothermal treatment of TiO2 at 180oC for 24 h in LiOH solution (ii) Spinel Li4Ti5O12 synthesized 
by calcining the Li-Ti-O phase at 600oC for 2 h. 
 
4.3.1.4 Fourier-transform infrared analysis 
Fourier transform infrared spectroscopy (FT-IR) was used to characterize the stretching 
vibrations available in the nanomaterial formed in the mid absorption range of                 
4000-400 cm-1. Figure 4.9 shows the mid-FTIR spectrum of LiTiO2 and Li4Ti5O12 octahedra. 
The broad frequency bands at 3443 and 3417 cm-1 can be attributed to stretching vibrations of 
OH-group originating from Ti-OH.5 The bands at 1636 and 1647 cm-1 are associated with 
C=O stretching vibrations.6 Bands at 1501 and 1431 cm-1 can be attributed to -CH3 monomer 
stretching vibrations, and the frequency at 800 cm-1 is due to -(-CH3)3- vibration. Wide band 
frequencies below 800 cm-1 that is, 678, 658, 507 and 488 cm-1 are associated with the 
vibrations of metal organic groups such as Li-O-R or Ti-O-Ti and TiO6 octahedra stretching. 
Interestingly, it was further observed, that bands at 1501, 1431 and 800 cm-1 disappeared 
when the intermediate ternary phase Li-Ti-O was calcined at 600oC for 2 h (Figure 4.9ii). It is 
assumed that this disappearance of the peaks is because of decomposition of the related 
groups in the solid due to increase in temperature and minimal residual organic compounds in 
the sample after high temperature calcination. As illustrated in Figure 4.9, the results of FT-
IR spectra of sample before and after heat treatment are in line with the X-ray diffractograms 
and micro-Raman spectra (Figure 4.4 and 4.8), confirming the phase transformation from 
LiTiO2 to Li4Ti5O12 after the thermal treatment at 600oC for 2 h. 
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Figure 4.9: mid-FTIR spectra where (i) Ternary Li-Ti-O phase obtained by hydrothermal treatment of 
TiO2 at 180oC for 24 h in LiOH solution and (ii) Spinel Li4Ti5O12 synthesized by calcining the          
Li-Ti-O phase at 600oC for 2 h. 
 
4.3.1.5 X-ray photoelectron spectroscopic analysis 
The survey spectrum of Li4Ti5O12 octahedra observed from Figure 4.10a showed peaks 
only from Li, Ti and O. The deconvolution of O 1s core level XPS spectrum of oxygen as 
shown in Figure 4.10b, represented by a broad asymmetric peak resulted into four peaks 
centered at 529, 530, 531 and 533 eV. The peak at 529 eV can be assigned to lattice oxygen 
in the TiO2 (O-Ti-O) and the one at 530 eV is due to oxygen bonded to lithium.62-63 The 
higher energy peak at 531 eV could be attributed to the oxygen species such as O2- or O- ions 
present on the surface, while the peak at 532 eV can be assigned to adsorbed hydroxyl 
species. 62-63 Figure 4.10c and 4.10d exemplifies the core level spectra of the Li and Ti. The 
Li 1s region shows peaks at 54 eV, confirming +1 oxidation state of Li in the cubic structured 
Li4Ti5O12 (Figure 4.10c). Ti 2p region represented by two characteristic peaks 2p3/2 and 2p1/2 
(Figure 4.10d) with a spin-orbital splitting energy of 5.8 eV upon deconvolution, results in 
four peaks centered at 458 eV (Ti4+), 459 eV (Ti3+), 464 eV (Ti4+) and 465 eV (Ti3+), 
indicating oxidation state of Ti as +4 and +362 along with a satellite peak at 471 eV.63  
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Figure 4.10: X-ray photoelectron spectra of spinel Li4Ti5O12 synthesized by calcining the Li-Ti-O 
complex at 600oC for 2 h where, (a) Survey spectrum and (b) O 1s region (c) Li 1s region and          
(d) Ti 2p region. 
4.3.1.6 Scanning Electron microscope (SEM) analysis 
Figure 4.11 provides a series of electron micrographs in scanning mode of lithium 
titanium oxide obtained in a facile hydrothermal reaction, maintaining a 10 mmol CTAB 
concentration followed by heat treatment. Evidently, the synthesized oxides consisted of 
well-shaped solid octahedra in high yield with extremely smooth surfaces suggesting high 
crystallinity in correlation with XRD. Interestingly, it was observed that at a higher 
calcination temperature of 600oC for 2 h, the octahedral morphology was preserved and the 
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only transition from LiTiO2 to spinel Li4Ti5O12 phase occurred as seen from the XRD data. A 
clear shrinkage in the mean size of octahedron from a length range of 20-250 nm of LiTiO2 
sample as shown in Figure 4.11a-c and after phase transformation to spinel Li4Ti5O12, a 
narrow dispersion from 30-120 nm observed from Figure 4.11d-e. A high magnification FE-
SEM micrograph as shown in Figure 4.11f depicts uniform octahedron of Li4Ti5O12 with a 
side length of ~30 nm exhibiting high geometry in line with the proposed growth mechanism 
shown in Figure 4.3. 
 
Figure 4.11: Electron micrographs of typical octahedra in scanning mode (a-c) Ternary intermediate 
LiTiO2 phase, (d-e) Low magnification view of spinel Li4Ti5O12, and (f) High magnification image 
depicting a Li4Ti5O12 octahedron with side edge length ~30 nm. 
 
4.3.2 Effect of Control Experiment Conditions 
This subsection details the morphological changes that occur due to different reaction 
parameters such as CTAB concentration, hydrothermal reaction temperature and time as 
determined from a comprehensive analysis aided by electron micrographs and its correlation 
with X-ray diffractograms discussed simultaneously to generate phase pure Li4Ti5O12 
architectures.  
4.3.2.1 CTAB Concentration 
Surfactants play a significant role in achieving highly tailored nanostructures by anchoring 
itself onto the surfaces of the nanoparticles during synthesis, lowering its surface energy and 
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restraining its growth in specific directions.  In the present study cetrimonium bromide 
(CTAB), a popular quaternary ammonium surfactant was used as a structure directing agent. 
To gain insights into the role of CTAB in forming octahedral morphology, its amount was 
varied from 0-25 mmoles, while maintaining all other reaction parameters constant observed 
clearly from Figure 4.12. In the absence of CTAB, the morphology obtained resembles 
irregular polyhedrons assembled into 3D hierarchical porous microspheres as can be seen in 
Figure 4.12a, in agreement with the literature.49 When 5 mmol of CTAB was introduced in 
the solution few octahedra were observed with majority particles being irregular shaped 
polyhedra as shown in Figure 4.12b. With the increase in CTAB amount to 10 mmol, well 
faceted solid octahedra possessing two pointed ends with edge length ranging from 20-
250 nm were observed in Figure 4.12c. From Figure 4.12d-f, with CTAB concentration 
around 15 mmol and higher, the octahedron size decreases and the edges get more rounded 
and appear to be composed of truncated octahedra tending to spherical structures with 
majority size of them less than 80 nm comprising of few interspersed octahedra. The possible 
reason for this could be that the excess CTAB would lead to inhibited access of the growing 
crystals to the ions thereby, hampering the directional growth. These observations 
substantiate the idea that the optimum concentration of CTAB is the primary determining 
factor in obtaining octahedral geometry shape of the products. 
 
 
Figure 4.12: Morphological evolution of the spinel Li4Ti5O12 octahedra as a function of CTAB 
concentration in mmoles at 180oC for 24 h represented by electron micrographs. The images refer to 
CTAB contents in mmoles of (a) 0, (b) 5, (c) 10, (d) 15, (e) 20 and (f) 25. 
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4.3.2.2 Hydrothermal Reaction Time  
The influence of hydrothermal reaction time was investigated by varying the reaction time 
from 1 to 48 h with 10 mmol CTAB concentration and temperature at 180oC. FE-SEM 
images clearly indicate octahedral evolution process clearly visible from Figure 4.13. When 
the reaction time is 1 h, polyhedra in majority can be seen in Figure 4.13a. When the reaction 
continues for 6 h, some well-defined quasi-octahedral particles appear. With the increase in 
reaction time to 24 h perfect octahedral morphology is observed in Figure 4.13b-d. However, 
with further increase in reaction times, the particle size does not change drastically but 
rounding of edges commences as observed from Figure 4.13e-f. This mixture of morphology 
hints at presence of {100} and {111} facets and the oxides alignment can hence be assumed 
to occur along [100] and [111] direction,64 which is in good agreement with X-ray patterns 
(Figure 4.6). Overall, the mean size of octahedron varied in the range of 10-120 nm 
(Figure 4.13).  
 
 
Figure 4.13:  Morphological evolution of the spinel Li4Ti5O12 octahedra as a function of reaction time 
with 10 mmoles CTAB concentration and 180oC hydrothermal reaction temperature represented by 
electron micrographs, (a) 1 h, (b) 6 h, (c) 12 h, (d) 24 h, (e) 36 h and (f) 48 h. 
4.3.2.3 Hydrothermal Reaction Temperature 
Controlled study of morphology changes as a function of hydrothermal reaction 
temperature was undertaken for a better understanding of the Li4Ti5O12 octahedra formation 
mechanism. Figure 4.14a, at a low reaction temperature of 100oC, a large number of 
aggregates were observed. When the temperature was increased to 120oC, regular shaped 
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polygons appeared as is observed from Figure 4.14b. With the increase in temperature to 
160oC, the majority of features become octahedra in shape with a mean edge length range of 
10-80 nm as can be observed in Figure 4.14c through to 4.14d. Figure 4.14e shows that at 
180oC, uniform and discrete octahedra in high yield can be seen. From Figure 4.14f, 
morphology collapsed to a great extent and substantial agglomeration was observed with 
increase in temperature to 200oC, correlating well with the XRD results (Figure 4.7). These 
inferences draw attention to the vital role played by hydrothermal reaction temperature in 
shaping the spinel phase and morphology formation by varying the particle structure under 
the different conditions. 
 
 
Figure 4.14: Morphological evolution of the spinel Li4Ti5O12 octahedra as a function of hydrothermal 
reaction temperature with 10 mmoles CTAB concentration and 24 h reaction time represented by 
electron micrographs, (a) 100oC, (b) 120oC, (c) 140oC, (d) 160oC, (e) 180oC and (f) 200oC. 
 
4.3.3 Growth Mechanism of Octahedral Li4Ti5O12 Nanoparticles 
Recently, some reports demonstrated improved electrochemical performances as a 
consequence of octahedral nanoparticles composed of eight exposed (111) crystal planes.65-69 
Inspired by such rationale which can logically be extended here, it was anticipated that 
synthesis of octahedral Li4Ti5O12 nanoparticles with eight exposed (111) planes would be 
advantageous for easy diffusion of Li+ ions during CO2 sensing thereby, enhancing the sensor 
response time. Based on the conclusions from the controlled experiments as discussed in the 
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preceding sections which were also supported with literature reports,53-54,64-69 a plausible 
formation mechanism of Li4Ti5O12 octahedra is proposed. In general, it is difficult to slow the 
growth process along {111} facets.68 The probability of octahedral shape formation with 
eight enclosed (111) planes is very high, if the ratio of growth rate (R) in the [100] direction 
to that of [111] direction is relatively high (R = 1.73).70 Selective adsorption of CTAB on the 
surface of particles as demonstrated in the present study proves to be convenient strategy to 
restrain growth along {111} facets, thereby accelerating the growth rate of special facet 
{100}.68,69 Surface formation energies of spinel Li4Ti5O12 for low Miller indices (100), (110) 
and (111) are 1.01, 1.59 and 1.70 J/m2 respectively.71 Here, interestingly it was observed that 
the surface energy of (111) plane is higher than that of (100) plane. CTAB has a hydrophobic 
as well as a hydrophilic group and preferential binding of {111} facet by CTA+ head group is 
more comparable than {100} facet.72 This is due to selective interaction of CTA+ with {111} 
facets which stabilizes it by lowering the surface tension, thereby hindering the nucleation 
taking place on these facets.72 As a result, the growth rate gets accelerated along [100] 
direction, thus allowing material addition only on the exposed {111} facets. This was further 
confirmed by X-ray diffractograms (Figure 4.4) which showed increase of peak intensity at 
2Ɵ = 43.77o that corresponds to (400) plane. These findings are in line with the coherent 
justification as proposed by Shen et al.49 based on dissolution-crystallization mechanism that 
can be comprehended as follows. During the hydrothermal reaction, Li+ ion interacts with 
titanium hydroxyl species (HTO3−) to form metastable layers of Li-Ti-O complex consisting 
of small discrete particles with high surface energy. When a strong co-ordination agent like 
CTAB is introduced into the solution, each layer gets instantaneously surrounded by 
hydrophobic and hydrophilic groups. Subsequently, when this mixture is subjected to 
hydrothermal at 180oC for 24 h, it leads to the nucleation and growth of metastable 
nanoparticles along [100] direction on {111} facets which do not contain CTA+ head groups, 
followed by formation of an intermediate ternary LiTiO2 phase with octahedral particles. 
Finally, spinel Li4Ti5O12 is obtained from the LiTiO2 phase with preservation of octahedral 
morphology by a short post annealing at 600oC for 2 h. The resulting Li4Ti5O12 phase is 
highly preferable over LiTiO2 owing to its outstanding high temperature and excellent 
structural stability during sensing performance.  
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4.3.4 Crystallinity and Morphology of TiO2 used as an Additive in Reference 
Electrode  
Physicochemical characterization of Li4Ti5O12 was extensively detailed in preceding 
section. The typical X-ray diffractograms of highly crystalline nanostructured TiO2 is shown 
in Figure 4.14. The as-synthesized 3D TiO2 hierarchical spheres can be indexed to tetragonal 
rutile crystal structure (JCPDS card no.78-2485, space group: P42/mnm (136)) which is in 
agreement with the reported values.50 Uniform 3D spheres of TiO2 with diameter around 1-
3 μm were observed from Figure 4.16. A high magnification image further revealed that these 
spheres consisted of numerous nanorods with diameter ~20 nm and length of about 500-
600 nm. EDS analysis revealed uniform presence of titanium (T) and oxygen (O) as expected 
and visible from Figure 4.17. Carbon detected here is due to conductive carbon film used. 
EDS has limitations in detecting elements having atomic number less than that of nitrogen, 
hence peaks concerning lithium were not observed. 
 
Figure 4.15: X-ray diffractograms of 3D TiO2 microspheres.  
 
 
Figure 4.16: Series of electron micrographs depicting 3D TiO2 hierarchical spheres. 
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 Figure 4.17: Clockwise (a) Electron micrograph evincing true area of reference electrode material 
that is, Li4Ti5O12 and TiO2 mixed manually in 90:10 mol.% ratio used for elemental quantification, (b) 
image showing the layers, elemental maps revealing uniform presence of (c) titanium (Ti),                
(d) oxygen (O), (e) carbon (C) throughout the sample, (f) EDS spectra.  
 
4.3.5 Crystallinity and Morphology of Li2CO3 + BaCO3 (10 mol.%) used as Sensing 
Electrode  
From Figure 4.18, it can be observed that the as-synthesized 2D Li2CO3 flakes have 
monoclinic zabuyelite crystal structure (JCPDS card no. 22-1141 with space group-C2/c 
(15)), whereas the 1D BaCO3 rods have orthorhombic witherite crystal structure (JCPDS card 
no. 71-2394 with space group–Pmcn (62)). The representative FE-SEM micrographs revealed 
that the Li2CO3 was without definite morphology as the synthesis route used did not involve 
any template or capping agent as shown in Figure 4.19. Morphology of BaCO3 gives an 
impression of the rod with a longitudinal tapering, varying from 80-250 nm and length in 0.2-
1 μm range as shown in Figure 4.20. Overall, the crystallite size as estimated by applying 
Scherrer’s equation to the major diffraction peaks in each case, that is, Li2CO3 flakes, 1D 
BaCO3 rods, Li4Ti5O12 octahedra and 3D TiO2 spheres were found to be 60, 48, 21 and 17 nm 
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respectively. From Figure 4.21, EDS analysis revealed uniform presence of barium (Ba), 
carbon (C) and oxygen (O). 
 
Figure 4.18: X-ray diffractograms of 2D Li2CO3 flakes and 1D BaCO3 rods. 
 
 
Figure 4.19: Series of electron micrographs depicting 2D Li2CO3 flakes. 
 
        Figure 4.20: Series of electron micrographs depicting 1D BaCO3 rods. 
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 Figure 4.21: Clockwise (a) Electron micrograph evincing true area of sensing electrode material that 
is, Li2CO3 mixed manually with BaCO3 in 90:10 mol.% ratio used for elemental quantification, (b) a 
layered image, elemental maps revealing uniform presence of (c) barium (Ba), (d) oxygen (O),         
(e) carbon (C) throughout the sample, (f) EDS spectra. 
Appropriate amounts of oxides in required mol% composition was taken in an agate 
mortar and mixed thoroughly with a pestle before calcining them at high temperature, as 
discussed in the forthcoming sensor element fabrication section (section 4.3.7.1). This 
ensured intimate physical contacts in 2D Li2CO3 flakes/1D BaCO3 rods (sensing electrode 
material) and the Li4Ti5O12 octahedra/3D TiO2 spheres (reference electrode material) existed 
as shown in Figure 4.22a-b. The morphology of sensing and reference electrode materials 
after sintering are shown in Figures 4.23a-b, which revealed a slight change as many melted 
aggregates were observed compared to the morphology seen in Figure 4.22a-b. This suggests 
uniform densification took place after sintering, which is advantageous for facile diffusion of 
Li+ ions from sensing electrode to reference electrode via solid electrolyte. 
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Figure 4.22: FE-SEM micrographs showing (a) sensing electrodes oxide mixtures before sintering 
which clearly show heterocontact between 1D BaCO3 rods and 2D LiCO3 flakes, (b) reference 
electrodes oxide mixtures before sintering, 3D TiO2 microspheres with Li4Ti5O12 octahedra.  
    
Figure 4.23: FE-SEM micrographs showing (a) Sensing electrodes oxide mixtures sintered at 600oC 
for 1 h. Here arrows point at 1D BaCO3 rods forming hetero-contact with 2D LiCO3 flakes, (b) 
reference electrodes oxide mixtures sintered at 700oC for 1 h.  
4.3.6 Crystallinity and Morphology of Li3PO4 + SiO2 (5 mol.%) used as Solid 
Electrolyte 
The powder XRD patterns of Li3PO4 + SiO2 (5 mol.%) used as solid electrolyte in case of 
CP-sensor and NP-sensor before and after sintering at 800oC for 8 h at heating and cooling 
rate of 2oC/min reveals two phase mixture as observed from Figure 4.24.31 Peaks belonging 
to both Li3PO4 and SiO2 can be observed. In addition, peaks corresponding to Li4SiO4 were 
observed. Formation of new phase i.e. Li4SiO4 in minor amount contributes to better charge 
exchange and higher ionic conductivity.30 Prior to sintering, solid electrolyte showed distinct 
granular morphology visible from Figure 4.25a. Upon sintering granules melted and a 
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uniform densification was observed from Figure 4.25b. From Figure 4.26, EDS analysis 
revealed presence of phosphorous (P), silicon (Si) and oxygen (O). 
 
 
Figure 4.24: X-ray diffractograms of Li3PO4 + SiO2 (5 mol.%) (a) before sintering wherein, the 
commercial Li3PO4 and SiO2 bulk powders were ball milled using distilled water at 300 rpm for 10 h, 
centrifuged and dried overnight at 80oC, (b) after sintering at 800oC for 8 h. 
 
 
Figure 4.25: FE-SEM micrographs of Li3PO4 + SiO2 (5 mol.%), (a) before and (b) after sintering at 
800oC for 8 h at a heating and cooling rate of 2oC/min.  
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Figure 4.26: EDS analysis of Li3PO4 + SiO2 (5 mol.%) oxide mixture, (a) before and (b) after 
sintering at 800oC for 8 h. Here it was observed that Figure (b) shows peak due to silver that was used 
as electrical contacts. 
 
4.3.7. Potentiometric CO2 Gas Sensor Response Characteristics 
Potentiometric CO2 gas sensors fabricated using commercially available oxides/carbonates of 
the type Li2CO3-BaCO3 as sensing electrode, Li3PO4-SiO2 as solid electrolyte and Li2TiO3-
TiO2 have been expansively documented in the literature.16,30,37,42,81 Use of spinel Li4Ti5O12 
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octahedra as a reference electrode material for such sensor and the other attractive features of 
nanostructures with controlled morphology as discussed in the preceding sections has been 
substantiated by a critical evaluation of its CO2 gas sensing performance in the succeeding  
section. Sensor element fabrication, sensor set-up and test patterns employed to investigate 
sensing parameters are detailed in section 3.4 (Chapter 3). 
 
4.3.7.1 Sensing Mechanism 
The half-cell reactions taking place at the sensing and reference electrode side using 
commercially available powder is described in detail elsewhere (see Chapter 2, 
section 2.2.8).37,43,81 These equations get modified as the obtained lithium titanate phase is 
different (Li4Ti5O12 was used instead of commercially available Li2TiO3 phase). The sensing 
and reference electrode side reactions of the sensor fabricated using nanomaterials (NP-
sensor) are hence modified and are represented by the equations as below: 
Half-cell reactions taking place at the sensing electrode which acts as cathode (+), 
𝟒𝐋𝐢+ +  𝟐𝐂𝐎𝟐 +  𝐎𝟐 +  𝟒𝐞−  ↔ 𝟐𝐋𝐢𝟐𝐂𝐎𝟑                                                                    (Eq. 4.1) 
𝟐𝐁𝐚𝟐+ + 𝟐𝐂𝐎𝟐 + 𝐎𝟐 +  𝟒𝐞−  ↔  𝟐𝐁𝐚𝐂𝐎𝟑                                                                 (Eq. 4.2) 
𝟐𝐋𝐢𝟐𝐂𝐎𝟑 +  𝟐𝐁𝐚𝐂𝐎𝟑 = 𝟐𝐋𝐢𝟐𝐎 + 𝟐𝐁𝐚𝐎 + 𝟒𝐂𝐎𝟐                                                        (Eq. 4.3) 
Half-cell reaction taking place at the reference electrode which acts as anode (-), 
𝟒𝐋𝐢+ +  𝟓𝐓𝐢𝐎𝟐 +  𝐎𝟐 +  𝟒𝐞−  ↔ 𝐋𝐢𝟒𝐓𝐢𝟓𝐎𝟏𝟐                                                               (Eq. 4.4) 
The overall reaction for the open cell can be expressed as, 
𝟐 𝐋𝐢𝟐𝐂𝐎𝟑 +  𝟓𝐓𝐢𝐎𝟐   ↔ 𝐋𝐢𝟒𝐓𝐢𝟓𝐎𝟏𝟐 +  𝟐𝐂𝐎𝟐                                                               (Eq. 4.5) 
The electrochemical cell potential (E) is given by: 
𝐄 =  𝐄𝟎 − �𝐑𝐓
𝐧𝐅
� 𝐥𝐧𝐐                                                                            (Eq. 4.6) 
Where E0 is the standard electromotive force (constant), R is the universal gas constant, T is 
the absolute temperature, F is Faraday's constant, Q is the reaction quotient and n is the 
number of electrons in a reaction equation and is related to the amount of charge transferred 
when the reaction is completed. For a simple half-cell redox reaction as below: 
𝐎𝐱 +  𝐧𝒆−  → 𝐑𝐞𝐝                                                                                                        (Eq. 4.7) 
𝑸 =  [𝐚𝐑𝐞𝐝][𝐚𝐎𝐱]                                                                                              (Eq. 4.8) 
Where, a - chemical activity of material at the sensing electrode, Ox is oxidant and Red is 
reductant. 
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𝐄 =  𝐄𝟎 − �𝐑𝐓
𝐧𝐅
� 𝐥𝐧
[𝐚𝐑𝐞𝐝][𝐚𝐎𝐱]                                                                       (Eq. 4.9) 
Based on the equation 4.5 and 4.9, for a potentiometric CO2 sensor with Li3PO4 as solid 
electrolyte, the Nernstian behaviour can be modified as below: 
𝐄 =  𝐄𝟎 − �𝐑𝐓
𝟒𝐅
� 𝐥𝐧
�𝐚𝐋𝐢𝟒𝐓𝐢𝟓𝐎𝟏𝟐�.�𝐏𝐂𝐎𝟐�𝟐
�𝐚𝐋𝐢𝟐𝐂𝐎𝟑�
𝟐.�𝐚𝐓𝐢𝐎𝟐�𝟓                                                             (Eq. 4.10) 
From equation 4.5 through 4.10, it can be inferred that the electrode potential (E) is 
proportional to the logarithm of CO2 concentration square and hence n is equal to 2, even 
though it is observed that the number of electrons participating in redox is 4 due to 
employment of Li4Ti5O12 phase as reference electrode material as seen from equations 4.1 
through 4.4. 
 
4.3.7.2 Sensor Response Characteristics  
 Figure 4.27a shows EMF as a function of CO2 gas concentration at different temperatures. 
Direct variation in ‘n’ value with respect to working temperature indicates a decrease in 
Nernstian slope and hence a decrease in sensor response at temperatures below 500oC, 
detailed in Table 4.2. Decrease in ‘n’ values observed here at low working temperatures (less 
than 500oC) can be due to subdued ion mobility on the surface of sensing electrode. As 
expected, such surface chemical reactions are more active at a higher temperature in the 
range 500-700oC, primarily because of the higher activation of the chemical species involved 
in the reaction at higher temperatures.34,43 Quasi Nernstian behaviour (n = 2.3) was observed 
at 600oC. This can be attributed to the effects of low kinetic energies produced between 
sensing/reference electrodes and the solid electrolyte as well as the state of being in non-
equilibrium. Experimental ΔEMF/dec values were 82, 74, 63 and 52 at the temperature 600, 
500, 400 and 300oC respectively. From the plot of ΔEMF/dec as a function working 
temperature as shown in Figure 4.27b, we can confidently ascertain that the NP-sensor has an 
optimum working temperature of 500 oC. The experimental values are in agreement with the 
theoretical sensitivities of the potentiometric sensor as calculated from the Nernst equation.37 
Improvement in ΔEMF/dec values with increase in working temperature observed here could 
be attributed to the employment of Li4Ti5O12 octahedra as reference electrode material. A 
similar phenomenon was observed by Lee et al.37 using LiMn2O4 and LiCoO2 as reference 
electrodes.  
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Figure 4.27: (a) variation of EMF at different temperatures as a function of CO2 gas concentration 
and (b) dependence of ΔEMF/decade on working temperatures in dry condition. 
 
Table 4.2: Sensing properties of nanostructured potentiometric CO2 sensor (NP-sensor) at different 
operating temperatures as a function of CO2 gas concentration in dry condition. Where T.S and E.S 
are theoretical and experimental sensitivities. 
 
 
 
T (oC) 
 
 
 
100 
ppm 
 
 
 
500 
ppm 
EMF 
(mV) 
 
1000 
ppm 
 
 
 
5000 
ppm 
 
 
 
10000 
ppm 
 
 
Nernstian 
Slope 
(mV/dec) 
 
 
n 
 
 
T.S 
 
 
E.S 
 
300 
 
-252 
 
-212 
 
-200 
 
-143 
 
-122 
 
65.86 
 
1.72 
 
56.80 
 
52 
 
400 
 
-304 
 
-259 
 
-241 
 
-188 
 
-161 
 
71.17 
 
1.87 
 
66.70 
 
63 
 
500 
 
 
-384 
 
-336 
 
-310 
 
-254 
 
-233 
 
76.67 
 
1.99 
 
76.60 
 
74 
600 
 
-431 -373 -349 -306 -277 74.80 2.31 86.50 82 
 
Potentiometric CO2 sensor characteristics fabricated using nanostructured oxide mixtures 
were evaluated by comparing the sensor response using their commercial counterparts, i.e. 
CP-sensor. The transient response of the CP-sensor and NP-sensor towards CO2 gas (in dry 
and humid air) at a working temperature of 500oC and the CO2 gas concentration range varied 
from 100 - 10000 ppm is illustrated in Figure 4.28a. It was observed that in both cases, the 
EMF increased with increase in CO2 gas concentration. Interestingly, NP-sensor 
demonstrated more positive, consistent and fast response in the dry and humid air than the 
CP-sensor. The sensor response in the presence of humid air (70% R.H at ambient air) 
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showed consistent performance with a slight deviation in EMF above a gas concentration of 
500 ppm. EMF has a linear relationship with the logarithm of CO2 gas concentration when 
governed by Nernstian behaviour and this dependence on the different concentrations of the 
test gas is depicted in Figure 4.28b. The sensor showed an equitable Nernstian behaviour with 
n = 1.99 in a dry condition, that nearly approaches the theoretical value of 2, and in humid 
condition showed a slight deviation in ‘n’ to 1.95 as detailed in Table 4.3 and 4.4, 
respectively. This result was found to be consistent over a period of 45 days. Further, it was 
observed that this result correlates well with the previously reported data74-76 which showed 
small deviation in the sensor response due to humidity resulting in a small deviation in EMF 
values, primarily attributed to the reversible chemical reaction taking place on the surface of 
the sensing electrodes composed of binary carbonate system. Li2CO3 solubility and activity 
that increases considerably when it is able to form lithium bicarbonate (LiHCO3), which is 
more soluble and metastable in nature.42 When concentration of CO2 gas in humid air is high 
(>500 ppm), under mild pressure it reacts with H2O to form carbonic acid followed by 
dissociation into H+ and HCO3−.77 This is accompanied by protonation that takes place on the 
surface of sensing electrode (Li2CO3:BaCO3 in 90:10 mol.%) due to H+ ion interaction 
leading to the formation of LiHCO3. Momentary formation of metastable phase by a 
reversible reaction increases activity at the surface of sensing electrode and hence an 
enhancement in ion conduction, that is consequently responsible for the observed drift in 
sensor response at high concentrations of CO2 gas.9,78-81 When humid atmosphere ceases to 
exist in the sensing chamber, the sensor regains its original sensing ability towards CO2 gas. 
Furthermore, it can be inferred from the observations that employing sensing electrode 
composed of bi-auxiliary electrolytes minimizes the interference of humidity but does not 
entirely eliminate it, which is in agreement with the literature reports.42,75,76 
The NP-sensor demonstrated a superior sensing response, estimated to a nearly six-fold 
enhancement with 90% response time being 5 s compared to 30 s for the CP-sensor under 
identical conditions observed from Figure 4.28c. Additionally, t90 (90% recovery time) was 
observed to be 16 and 45 s for NP and CP-sensor respectively from Figure 4.28d. The 
stability of the sensor over an extended time period of 45 days was studied by monitoring the 
variation of EMF for CP-sensor and NP-sensor (dry and humid conditions) for a fixed CO2 
gas concentration of 100 ppm at a working temperature of 500oC. As seen in Figure 4.29, the 
NP-sensor showed comparable long-term stability both in dry and humid conditions. Long 
term stability and enhanced gas sensing performance of NP-sensor as demonstrated in this 
study could be ascribed to the improved ‘n’ and Eo values. It has been extensively reported 
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that the increase in ‘n’ and Eo values directly influences the measured electromotive force due 
to the change in transference number of the ions and the type of chemical reaction taking 
place on the surface of sensing electrode.76,81 Observed improvement in ‘n’ and Eo values was 
achieved by employing exotic nanoarchitectures such as Li4Ti5O12 octahedra in addition to 
3D TiO2 hierarchical spheres, 2D Li2CO3 flakes and 1D BaCO3 rods that act as reference and 
sensing electrode materials.  
 
   
Figure 4.28: Comparative plots of the sensor characteristics of NP-sensor and CP-sensor at constant 
working temperature of 500oC (a) transient response of potentiometric CO2 sensor, (b) electromotive 
force (EMF) as a function of CO2 gas concentration and (c-d) response and recovery characteristics of 
NP-sensor towards CO2 gas in dry air. Insert shows the response and recovery time of CP-sensor 
respectively. 
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Figure 4.29: Long-term stability towards 100 ppm CO2 gas balanced with synthetic air at a constant 
working temperature of 500oC.  
 
Table 4.3: Sensing properties of nanostructured potentiometric CO2 sensor (NP-sensor) at a 500oC in 
dry and wet conditions. 
 
 
 
 
 
 
 
100 ppm 
 
 
 
500 ppm 
 
EMF (mV) 
 
1000 ppm 
 
 
 
5000 ppm 
 
 
 
10000 ppm 
 
Nernstian 
Slope 
(mV/dec) 
 
n 
 
Dry CO2 
 
-384 
 
-336 
 
-310 
 
-254 
 
-233 
 
76.67 
 
1.99 
 
Wet CO2 
 
-384 
 
-331 
 
-305 
 
-249 
 
-229 
 
78.43 
 
1.95 
 
Table 4.4: Sensing properties of commercial potentiometric CO2 sensor (CP-sensor) at 500oC in dry 
and wet conditions. 
 
 
 
 
 
 
 
100 ppm 
 
 
 
500 ppm 
 
EMF (mV) 
 
1000 ppm 
 
 
 
5000 ppm 
 
 
 
10000 ppm 
 
Nernstian 
Slope 
(mV/dec) 
 
n 
 
 
Dry CO2 
 
-470 
 
-415 
 
-392 
 
-341 
 
-317 
 
75.98 
 
2.01 
 
Wet CO2 
 
-470 
 
-415 
 
-387 
 
-336 
 
-312 
 
78.85 
 
1.94 
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Many researchers have reported that the syntheses of micro/nano crystal structures with 
exposed special {111} facets show enhanced electrochemical performance and attributed it to 
the high surface energy of {111} facets that show strong selectivity, high ion reactivity, 
endowed with direct accessible channels for ion diffusion.65-68,82 Mechanism of 
potentiometric CO2 sensor primarily concerns diffusion of Li+ ions through the solid 
electrolyte that occurs from the sensing electrode to the reference electrode upon exposure to 
test gas at optimum activation temperature. Materials such as Li4Ti5O12, LiMn2O4 and 
LiCoO2 with unique crystal structure and tailored facets have proven to be effective 
compared to Li2TiO3, owing to their facile intercalation and de-intercalation of lithium ions 
phenomenon which is widely reported in lithium ion batteries.34-36 At a working temperature 
of 500oC, diffusion of O2 and CO2 gas takes place followed by its dissociative adsorption on 
the sensor surface. Here, it can be assumed that the nanostructuring of potentiometric sensor 
aids in easy and intimate access of the adsorbed oxygen along the surface of Ag (electrical 
contact) to the triple phase boundary (TPB) compared to commercial sensor. Therefore, 
observed enhancement in ΔEMF/dec values, response and recovery time of the NP-sensor. 
Moreover, increased defect sites and high surface area achieved by employment of exotic 
nanoarchitectures here further expedites the electron transfer process to form O− and O2− 
along the diffusion path of electrical contacts made of silver. Direct accessible channels 
provided by employment of {111} faceted Li4Ti5O12 octahedra allows fast diffusion of Li 
ions from sensing electrode to reference electrode via solid electrolyte and electrons transfer 
from Ag to triple phase boundary wherein, it react with oxygen species and CO2 to form 
Li2CO3. Moreover, exploitation of fundamental properties of nanomaterials allows 
predominant and continuous adsorption/desorption of CO2 gas molecules along triple 
boundary phase and an easy equilibrium formation with lithium ions that results in Li2CO3, 
thereby giving stable performance over an extended period of time.44-47 As observed from the 
above results, improved performance shown by NP-sensor compared to CP-sensor supports 
the claim that use of nanomaterials with tailored morphologies in potentiometric sensors 
definitely enhances the sensing performance.  
 
4.4. SUMMARY AND CONCLUSIONS 
The nanostructured Li4Ti5O12 octahedra used as reference electrode material in 
potentiometric CO2 sensor was synthesized by a simple modification in existing synthesis 
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route. The physicochemical properties were investigated using various characterization 
techniques and the results can be briefly summarised in following points: 
• TG-DTA results confirmed that the optimum calcination temperature required for 
achieving phase pure Li4Ti5O12 from an intermediate LiTiO2 phase i.e. ternary Li-Ti-O phase 
obtained by hydrothermal treatment of TiO2 at 180oC for 24 h in LiOH solution is 600oC for 
2 h. 
• XRD, micro-Raman and FT-IR spectra hinted at the formation of the lithium titanium 
oxide phase (Li4Ti5O12) confirming that the hydrothermal and calcination process facilitates 
Li+ ion interaction with TiO2 to form LiTiO2 and this step is followed by transformation to 
Li4Ti5O12 by an increase in the temperature from 180 to 600oC. XPS results revealed 
oxidation state of Li as +1 and Ti as +4 and +3 in the cubic structured spinel Li4Ti5O12 
validating phase purity. 
• From SEM images, a clear shrinkage in the mean size of octahedron from a length range 
of 20-250 nm of LiTiO2 sample and after phase transformation to spinel Li4Ti5O12, a narrow 
dispersion from 30-120 nm was observed.  
• Probable growth mechanism hinted at the selective influence of cetrimonium bromide 
(CTAB) resulting in the formation of Li4Ti5O12 octahedron grown along [100] direction with 
eight exposed {111} facets.  
• Highly crystalline and phase pure Li4Ti5O12, 1D Li2CO3 flakes, 2D BaCO3 rods and 3D 
TiO2 hierarchical microspheres were synthesized and employed as reference and sensing 
electrode material.  
• Commercially available Li3PO4 + SiO2(5 mol.%) was used as solid electrolyte. Upon 
sintering at 800 oC for 8 h, granules melted and a uniform densification was observed, in 
addition from XRD, formation of new phase was revealed that has been previously reported 
to aid in better charge exchange thereby increasing the ionic conductivity. 
• Furthermore, nanostructured solid state potentiometric CO2 sensor of the type (air, CO2, 
Li2CO3-BaCO3, Ag│Li3PO4-SiO2│Ag, Li4Ti5O12-TiO2, CO2, air) was engineered and 
examined using custom built in-house gas sensor testing assembly. 
• The potentiometric CO2 sensor fabricated using nanomaterials demonstrated substantial 
sensor response, primarily attributed to nanostructured oxide mixtures of Li4Ti5O12 and TiO2 
employed as reference electrode material in addition to the sensing electrode materials, with 
high crystallinity and convenient nanoarchitectures, that played a key role in increasing ‘n’ 
and E0 values. 
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•  Impressive improvement in ΔEMF/dec and electrochemical stability was observed with 
employment of Li4Ti5O12 nano octahedra with eight exposed {111} facets as reference 
electrode material as evinced from Nernst equation.  
• The sensor showed an equitable Nernstian behavior (n = 1.99) and the electromotive force 
was linearly dependent on the logarithm of CO2 partial pressure over a range of 100 -
 10000 ppm at working temperature of 500 oC with response and recovery time being 5 and 
16 s respectively.  
• Stable performance over an extended period in dry and humid air for nearly 45 days 
demonstrated its long-term stability, which is a very encouraging achievement.  
 
Based on these promising results, Li4Ti5O12 octahedra could be used as reference electrode 
material in potentiometric CO2 sensor. The results presented here may be a reference for 
future miniaturization of all nanostructured high temperature based solid CO2 gas sensors for 
detecting low ppm gas with high sensitivity and selectivity. However, in a bid to continue 
with the aim of this thesis of developing CO2 sensor operating at low temperature, chemo-
resistive devices were undertaken as case study. The results paved way for synthesis of 
porous Ag@CuO/ZnO interleaved assembly and their effect on CO2 sensing performance 
operating at a low temperature of only 320oC was achieved for 1000 ppm gas 
(see Chapter 5). 
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Chapter 5 
Investigating Hierarchical Ag@CuO/ZnO 
Interleaved Assemblies for their CO2 Gas Sensing 
Performance  
In this chapter, the influence of hierarchical assembly of interleaved CuO/ZnO composite 
on CO2 gas sensing performance is presented. Interleaved ZnO microspheres were decorated 
with CuO microleaves to form p/n heterojunctions. These composites were then 
functionalized with Ag nanoparticles with an aim to improve their sensitivity toward the CO2 
gas. The composite was characterised for its composition and morphology before being 
deposited on an in-house designed chemo-resistive based transducer platform. Response 
magnitude, selectivity and stability performance of the sensor is discussed under different 
operating temperatures. Statistical analysis of sensor’s calibration curve, response/recovery 
times and dynamic transients is demonstrated. Furthermore, in-situ DRIFTS measurements 
performed under similar conditions were correlated with sensing performance to understand 
the sensing phenomenon taking place at the p/n nanointerfaces.  
 
 
Findings discussed in this chapter have been communicated to following research articles, 
 
[1]. Shravanti Joshi, Samuel J Ippolito and Manorama V Sunkara, Hierarchical Assembly of 
n-ZnO Network and p-CuO for Improved Chemo-Resistive CO2 Gas Sensing 
Performance, IEEE Trans. Nanotechnol., Submitted – 24th August, 2017, Under Review. 
 
[2]. Shravanti Joshi, Ram Kumar CB, Lathe Jones, Samuel J Ippolito and Manorama V 
Sunkara, Modulating Interleaved ZnO Assembly with CuO Nanoleaves for 
Multifunctional Performance: Perdurable CO2 Gas Sensor and Visible Light Catalyst, 
Inorg. Chem. Front., 2017, Advance Article, DOI:10.1039/C7QI00474E 
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5.1. INTRODUCTION  
The previous chapter detailed an excellent CO2 sensing performance using Li4Ti5O12 
octahedra nanostructures integrated with a potentiometric sensor. However, in a bid to 
continue with the quest to develop ultra-sensitive CO2 sensors, it was realized from recent 
literature review regarding growing efforts in utilising chemical sensors based on metal 
oxides semiconductor (MOS) as they involve comparatively simple sensor fabrication and 
can be fine-tuned to improve its sensing performance towards the analyte gas.1-4 Additionally, 
MOS based sensors can be easily integrated into electronic devices, are cost-effective, robust 
and consume relatively low power.5-8 Inspite of the several reports available in context to 
MOS based CO2 gas sensors, there are sparse number of reports regarding the development 
of CO2 sensitive materials which are extremely selective, stable and sensitive.  
Among many available n-type semiconductors, zinc oxide (ZnO) is a widely documented 
sensitive layer for both oxidising (NO2, CO, NO) as well as reducing gases (H2, H2S, ethanol, 
acetone) owing to its wide band-gap (3.37 eV) and unique opto-electronic properties.9-10 
Recently, Kannan et al.11 and Samarasekara et al.12 reported on CO2 gas sensitivity of D.C 
sputtered ZnO thin films. They reported maximum sensor response (Rg/Ra) of 2.17 at 130oC 
and 1.13 at 300oC towards 1000 ppm CO2 gas, respectively. However, ZnO remains largely 
unexploited for CO2 sensing applications barring above mentioned two reports. One of the 
primary approaches to achieve a material with relatively better affinity toward the analyte gas 
is by increasing the surface defect density and surface area, as this would lead to increased 
active area for analyte gas interaction.13-15 This approach has been vigorously undertaken 
over the last few decades, where the morphology and size have been tailored in a bid to 
improve gas sensing characteristics.16-17 Among the many synthesis techniques reported for 
ZnO, hydrothermal method has proved to be the most convenient owing to its simplistic 
nature, while enabling the synthesis of large crystals with high surface area. It is known fact 
that pristine ZnO by itself shows very low selectivity towards CO2 however this parameter 
can be improved by decorating its matrix with p-type semiconductor oxide.18 It was 
anticipated that hydrothermal synthesis and decoration of ZnO with p-type semiconductor 
would enhance both sensitivity and selectivity towards the test gas, respectively. This 
enhanced performance is postulated to arise from the formation and termination of p/n 
junctions, thereby inducing band bending at the interface as reported by many previous 
researchers.19-20 Copper (II) oxide (CuO), a p-type metal oxide with narrow band-gap (1.2 eV) 
offers a minimal lattice mismatch with ZnO (<5%).21 Literature review reveals growing 
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attention toward the use of ZnO and CuO as part of MOS based gas sensors due to high 
carrier concentration of ZnO and ability of CuO based composites to form carbonate species 
in the presence of CO2 gas.21-24  
In this context, research on p-type CuO/n-type ZnO hollow interleaved assembly based 
CO2 gas sensor has thus far not been reported. Here, the influence of p/n heterojunction 
formed between ZnO and CuO on CO2 selectivity and sensitivity is investigated. The 
hierarchical ZnO microspheres were synthesized following a low temperature hydrothermal 
route by modifying a previously reported methodology which developed a similar material 
for photocatalytic applications.25 Although, the study reported an important insight on the 
facile synthesis of hollow structures and its application as ultra-violet active photocatalyst, its 
application as CO2 sensor was not reported. Hence, in this study efforts were taken to study 
the aspects related to growth mechanism post thermal modification and consequently its 
effect on CO2 sensing performance. ZnO microspheres were then decorated with CuO 
microleaves and Ag nanoparticles by solution precipitation technique. The gas sensing 
properties were evaluated as a function of working temperature and performance against 
common interfering gases such as NO2, SO2, CO and NO to demonstrate the viability of the 
interleaved n-ZnO and p-CuO assembly as chemo-resistive based sensors. Sensing tests were 
performed in the range of 100 to 10000 ppm CO2 gas in air under different operating 
temperatures (100-400oC). 
 
5.2. MATERIALS AND METHODS 
This section details the materials and methods employed to obtain the hierarchical ZnO 
microspheres and their decoration with CuO microleaves and Ag nanoparticles by               
co-precipitation route to form Ag@CuO/ZnO composites in various mole ratios.  
 
5.2.1 Chemicals 
Zinc nitrate hexahydrate (Zn(NO3)2.6H2O), copper (II) acetate monohydrate 
(Cu(CH3COO)2), urea (NH2CONH2), tri-sodium citrate dihydrate 
(HOC(COONa)(CH2COONa)2.2H2O) and sodium pellets (NaOH) were procured from 
Sigma-Aldrich for the synthesis of nanostructures. All chemicals were of analytical reagent 
105 
 
(AR) grade and used without any further purification. Throughout the experiments, Sartorius 
Stedim Biotech S.A (Model-Arium 61316) deionized water (18.2 MΩ.cm) was used. 
 
5.2.2 Preparation of ZnO Microspheres  
The hierarchical hollow ZnO microspheres were synthesized by modifying the methodology 
reported previously.23-24 Briefly, 3 mmol zinc nitrate hexahydrate, 6 mmol urea and 0.3 mmol 
tri-sodium citrate were dissolved in 60 mL deionized water to form a clear solution that was 
transferred into a 100 mL Teflon-lined stainless-steel autoclave and heated at 120°C for 6 h. 
The obtained white precipitate was centrifuged and washed several times with deionized 
water and then dried overnight at 60°C. Finally, hierarchical ZnO interleaved assembly was 
achieved by calcining the zinc hydroxide carbonate (ZHC) precursor at 400°C for 2 h.   
 
5.2.3 Decoration with CuO Microleaves 
In a typical synthesis route, 0.5 g of as-synthesized ZHC precursor was added to deionized 
water taken in a round bottom flask and stirred for 15 min followed by addition of calculated 
amount of copper (II) acetate monohydrate. To this mixture, 30 pellets of NaOH (each 
weighing 0.15 g) were added one by one in 30 sec interval and maintained at 50°C for 15 h. 
After completion of reaction, the resultant mixture was centrifuged to obtain the final 
product. Repeated washings with deionized water ensured complete removal of any residual 
impurities. Finally, the product was dried overnight in an oven at 60°C. Hierarchical ZnO 
microspheres decorated with CuO micro-leaves to form CuO/ZnO nanocomposites in 1:100, 
1:8, 1:4, 1:2 and 1:1 mole ratios were synthesized and hereafter will be referred to as          
CZ-1:100, CZ-1:8, CZ-1:4, CZ-1:2 and CZ-1:1 respectively.  
 
5.2.4 Functionalization with Silver Nanoparticles 
A solution impregnation technique was followed to incorporate the as-synthesized 
CuO/ZnO composite with silver in 0.5, 1, 1.5 and 2 wt.%.25 Briefly, for incorporating 1 wt.% 
of silver, ca. 7.9 mg (0.04 mmoles) of silver nitrate was added to the 0.5 g of CuO/ZnO 
composite powder suspended in 40 ml of ethanol and stirred under magnetic agitation for 
30 min. Thereafter, 0.08 mmoles of sodium tetrahydridoborate was added to reduce the silver 
ions to metallic silver nanoparticles. Subsequently, the resultant mixture was centrifuged, 
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sonicated and washed several times with deionized water and ethanol to obtain a final product 
that was dried in an oven overnight at 60°C. Ag decorated CuO/ZnO composites in various 
weight percentages will referred to as 0.5 wt.%Ag-CZ, 1 wt.%Ag-CZ, 1.5 wt.%Ag-CZ and   
2 wt.%Ag-CZ respectively. 
 
5.3. RESULTS AND DISCUSSION 
This section discusses the material characterization and CO2 sensing performance for controls 
CuO, ZnO and CuO/ZnO composites decorated with Ag in various weight percentages. The 
initial subsections detail the ZHC and ZnO phase and morphology formation post calcination 
followed by the decoration of pure ZnO with CuO and Ag in controlled amounts. Thereafter, 
CO2 sensing performance is discussed and is further corroborated with in-situ DRIFTS 
measurements. 
 
5.3.1 Physicochemical and Morphological Evaluations of ZHC and ZnO 
Microspheres 
This subsection discusses the novelties of the chemically modified ZHC precursor and its 
transformation to ZnO microspheres post heat-treatment supported extensively by TG-DTA, 
HT-XRD, P-XRD and electron micrographs in scanning and transmission modes.  
  
5.3.1.1 Thermo-gravimetric & Differential Thermal (TG-DTA) Analysis 
The thermal decomposition and phase stability of synthesized ZHC powder was confirmed 
by TG-DTA analysis. TG and DTA curves of the powder are presented in Figure 5.1. Weight 
loss was observed in three steps. It has been widely reported that the zinc nitrate hexahydrate 
which was used as starting reagent, starts to dehydrate at about 30-35oC, accompanied by 
melting of the compound at this temperature. It is anticipated that this step takes place in the 
initial stage. In the first step, temperature region up to 110°C, the endothermic peak situated 
at 85°C, with weight loss ~4% results from the evaporation of adsorbed hydroxyl groups.25 
Further, it was observed that the condensation of the zinc hydroxide and release of the nitrate 
ions takes place simultaneously. Decomposition of nitrate groups starts at 75°C and finishes 
at/above 265°C, where ZnO is assumed to form. This was observed in second step, one 
endothermic peak situated at ~310°C, with weight loss of ~6.5% representing the loss of CO2 
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and further loss of H2O from the powder.25 Above 350°C, no weight loss was observed and it 
was anticipated that beyond this temperature the material would yield phase, which is pure 
and of interest. However, upon analyzing the shape of TG-DTA curve, the dehydration and 
nitrate decomposition stage are not well separated. The difference is clearly visible when the 
nitrate group decomposition starts at 75oC. Phase stability of synthesized sample was further 
confirmed from high temperature powder X-ray diffraction analysis detailed in the following 
section. 
 
Figure 5.1: TG-DTA trace of zinc hydroxide carbonate (ZHC) precursor synthesized via a one-step 
hydrothermal route at 120oC for 6 h. 
5.3.1.2 X-ray diffraction (XRD) Analysis 
Crystallinity and phase purity of the synthesized ZHC sample was determined from in-situ 
high-temperature X-ray diffractograms recorded from 40 to 600oC in steps of 100oC as 
shown in Figure 5.2. X-ray diffraction patterns taken at temperatures 40 to 300oC can be 
indexed to monoclinic zinc hydroxide carbonate matching well with JCPDS card no.19-1458. 
At 300oC and above, phase pure ZnO was obtained. At 400oC, it was observed from the sharp 
peaks in the diffractogram, that the synthesized material is ZnO with hexagonal structure 
(space group: P63mc (186), JCPDS card no.89-1397). Impurities due to by-products or any 
other complexes were not visible beyond 300oC, thus confirming phase purity of the formed 
ZnO powder. To uncover the processes occurring during the transformation of zinc hydroxide 
carbonate (Zn5(CO3)2(OH)6) to zinc oxide (ZnO), in-situ high temperature XRD studies were 
correlated with TG-DTA data detailed in section 5.3.1.1. Therefore, it can be assumed that 
the first transformation takes place from 50-110oC, where the intensity of peaks concerning 
ZHC starts to decrease and ZnO peaks intensity increases, also termed as the dehydration 
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process and is consistent with step 1 in the TG-DTA data (Figure 5.1). The next 
transformation occurs in the region between 110-330oC, where the peaks associated with 
ZHC disappears and peaks assigned to ZnO appears together with those of β-ZnOH, a lower 
order zinc hydroxide. At higher temperatures, all the peaks except for those assigned to ZnO 
disappear. This transformation occurs in the temperature range 330-500oC and coincides with 
the mass loss in third step of TG-DTA data (Figure 5.1). Up to 400oC, the intensity of ZnO 
diffraction peaks increases and beyond it, no further changes are observed until the final 
measured temperature of 600oC. Interestingly, the X-ray diffractogram taken after cooling 
down the temperature from 600oC to 40oC revealed that the phase transformation process 
from zinc hydroxide carbonate to zinc oxide is irreversible by nature (Figure 5.2, See 
diffractogram marked as RC 40oC).  
 
Figure 5.2: in-situ high-temperature powder X-ray diffraction pattern of zinc hydroxide carbonate 
precursor at 120oC for 6 h. HT-XRD at 40oC spectrum at the top is taken after completion of heating 
cycle at 320oC. 
Hence, based on inferences drawn from TG-DTA and in-situ HT-XRD data, formation of 
ZnO can be explained from partly by two chemical equations as below: 
𝐙𝐧𝐂𝐎𝟑  → 𝐙𝐧𝐎 +  𝐂𝐎𝟐                                                                                                            (Eq. 5.1) 
𝐙𝐧𝟓(𝐂𝐎𝟑)𝟐(𝐎𝐇)𝟔  → 𝟓𝐙𝐧𝐎 + 𝟑𝐇𝟐𝐎 + 𝟐𝐂𝐎𝟐                                                                  (Eq. 5.2) 
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Above pathways are anticipated to be taking place individually or together depending upon 
the calcination temperature and time. 
 
5.3.1.3 Influence of Synthesis Reaction Conditions 
This subsection details the morphological changes that occur due to different reaction 
parameters namely concentration of urea, tri-sodium citrate, hydrothermal reaction 
temperature and reaction time. The optimum conditions were determined from a 
comprehensive analysis aided by scanning electron micrographs and its correlation with XRD 
patterns.  
5.3.1.3.1 Concentration of tri-sodium citrate   
The morphological evolution when varying the tri-sodium citrate concentration is 
demonstrated in Figure 5.3. From Figure 5.3a, when the reaction takes place in the absence of 
tri-sodium citrate, hexagonal cross-sectioned rods were achieved. This morphology is 
inherent structure of ZnO usually obtained without use of any surfactant or any novel 
synthesis routes. Upon increasing the concentration from 1-6 mmoles, the morphology at all 
stages consisted of relatively uniform microspheres having a diameter distribution of about   
3-8 µm. These microspheres appear to be built out of nanosheets interleaved together to form 
hierarchical assembly as secondary superstructure as seen in Figure 5.3b-e. 
 
Figure 5.3: High magnification micrographs in scanning mode of synthesized ZHC precursor at 
120oC for 6 h when using tri-sodium citrate concentration of (a) 0 mmoles (b) 0.05 mmoles,              
(c) 0.1 mmoles, (d) 0.2 mmoles and (d) 0.3 mmoles during the reaction while keeping urea 
concentration constant at 6 mmoles. Insert in each images shows feature taken at high magnification. 
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XRD was performed and correlated with FE-SEM images for the above discussed samples. 
Figure 5.4 shows stacked X-ray patterns of synthesized ZHC precursor obtained at different 
tri-sodium citrate concentrations after treating the sample at 120oC for 6 h, while keeping 
urea concentration constant at 6 mmoles. The result clearly shows that pure ZnO was 
achieved in the absence of tri-sodium citrate as in Figure 5.4a, which is in agreement with 
hexagonal rods observed from FE-SEM image (Figure 5.3a). Thereon upon the presence of 
tri-sodium citrate at 120oC for 6 h, the predominant phase observed matched with the 
monoclinic zinc hydroxide carbonate (JCPDS card no.89-1397, space group: P63mc (186)) 
for all tested concentrations of tri-sodium citrate. However, after calcination of the same 
samples at 400oC for 2 h, pure phase hexagonal structured ZnO was observed from 
diffraction data presented in Figure 5.4b, regardless of the tri-sodium citrate concentration 
used. These inferences hint at critical role played by tri-sodium citrate as structure directing 
agent to form uniform and well-defined hierarchical spheres at concentration of 0.3 mmoles. 
          
 
Figure 5.4: X-ray diffraction patterns obtained at different tri-sodium citrate concentrations where (a) 
ZHC precursor synthesized at 120oC for 6 h and (b) ZHC precursor post calcination at 400oC for 2 h, 
while keeping urea concentration constant at 6 mmoles. 
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5.3.1.3.2 Concentration of Urea 
Dissolved urea in water is neither alkaline nor acidic and mostly acts as neutral 
mineralizer. The morphological evolution when varying the concentration of urea is 
demonstrated in Figure 5.5.  From Figure 5.5a-c, 6 mmoles of urea was found to be optimum 
quantity required to achieve well-developed microspheres with narrow size distribution. The 
microspheres synthesized with urea concentration below this value gave nearly 
monodispersed compacted spheres assembled out of ill-defined nanosheets.   
 
 
 
Figure 5.5: High magnification micrographs in scanning mode of synthesized ZHC precursor at 
120oC for 6 h when using urea concentration of (a) 1 mmoles (b) 2 mmoles, (c) 4 mmoles and (d) 
6 mmoles, during the reaction while keeping tri-sodium concentration constant at 0.3 mmoles.     
Insert in each image shows feature taken at high magnification. 
 
Stacked X-ray patterns of synthesized ZHC powder obtained at different urea concentration 
are illustrated in Figure 5.6. From Figure 5.6a, in absence of urea, zinc nitrate did not 
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precipitate even though the hydrothermal reaction temperature was 120oC, thus indicating 
strong role of urea as a mineralizer. During all stages at 120oC for 6 h, the predominant phase 
was monoclinic zinc hydroxide carbonate matching well with JCPDS card no.19-1458. After 
calcination at 400oC for 2 h, pure phase hexagonal structured ZnO was observed from 
diffraction data, clearly visible in Figure 5.6b. These inferences confirm that urea plays role 
of mineralizer, while tri-sodium citrate acts as a structure directing agent. 
 
       
 
Figure 5.6: X-ray diffraction patterns obtained at different concentration of urea where (a) ZHC 
precursor synthesized at 120oC for 6 h and (b) ZHC precursor post calcination at 400oC for 2 h, while 
keeping tri-sodium concentration constant at 0.3 mmoles. 
 
5.3.1.3.3 Hydrothermal Reaction Temperature 
To study the effects of hydrothermal reaction temperature on morphological evolution of 
hierarchical spheres, the temperature was varied from 80 to 180oC in step size of 20oC and 
micrographs obtained are presented in Figure 5.7. From Figure 5.7a, at 80oC, relatively solid 
microspheres were observed with number of spheres appearing as they are hollow. This is 
partially apparent upon increasing the hydrothermal temperature to 100oC as can be observed 
in Figure 5.7b. From Figure 5.7c, at 120oC, highly defined hierarchical spheres were 
observed. These spheres developed interleaved assembly but with thicker outer coating as 
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seen in the Figure 5.7d. Further increasing the temperature, morphology started to deteriorate 
(Figure 5.7e-d). This was further substantiated with BET surface area study, which showed 
high measured effective area for spheres achieved at 120oC, detailed in following section (see 
section 5.3.1.5). 
 
 
 
Figure 5.7: High magnification micrographs in scanning mode of synthesized ZHC precursor at      
tri-sodium citrate and urea concentration as 0.3 mmoles and 6 mmoles, respectively for 6 h at 
different hydrothermal reaction temperatures where (a) 80oC (b) 100oC, (c) 120oC (d) 140oC,           
(d) 160oC and (f) 180oC. Insert in each image shows feature taken at high magnification. 
 
Figure 5.8 depicts the X-ray diffractograms of synthesized ZHC powder obtained at different 
hydrothermal reaction temperatures, while keeping tri-sodium citrate and urea concentration 
constant at 0.3 and 6 mmoles, respectively. No precipitation took place below 80oC. From 
Figure 5.8a, above 140oC, the obtained ZHC precursor showed ZnO as major phase. It was 
observed that post calcination at 400oC for period of 2 h, phase ZnO was achieved. Thus, the 
hydrothermal temperature of 120oC was taken as optimum value, which is in good agreement 
with FE-SEM data ((Figure 5.7). 
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Figure 5.8: X-ray diffraction patterns obtained at different hydrothermal reaction temperatures where 
(a) synthesized ZHC precursor and (b) ZHC samples post calcination at 400oC for 2 h. 
 
5.3.1.3.4 Hydrothermal Reaction Time 
To study the effects of hydrothermal reaction time on morphological evolution of spheres, 
the reaction was kept for time periods of 1, 3, 6, 9, 12 and 24 h times and the micrographs 
obtained are presented in Figure 5.9. From Figure 5.9a-b, at 1 h, random solid spheres were 
observed and upon aging for 3 h or above, interleaved started to appear. From Figure 5.9c, at 
6 h, highly defined hierarchical spheres were observed. From Figure 5.9d-e, at 9 and 12 h, the 
spheres developed interleaved assembly but with thick hierarchical sheets formed out of 
nanospheres. Further it was observed from Figure 5.9f, that increasing the time to 24 h, 
morphology started to deteriorate. This hints that at higher reaction times their is inter 
diffusion of nanosheets to lower the surface energy. Thus, the hydrothermal time of 6 h was 
taken as optimum value. Interestingly, chemo-resistive sensing performance is highly 
dependent on physico-chemical properties of sensitive material. Employment of uniform and 
well defined ZnO spherical morphology is anticipated to facilitate sensing capability and will 
be discussed in detail in section 5.3.3.  
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 Figure 5.9: High magnification micrographs in scanning mode of synthesized ZHC precursor at 
120oC with tri-sodium citrate and urea concentration as 0.3 mmoles and 6 mmoles at different 
hydrothermal reaction time where (a) 1 h (b) 3 h, (c) 6 h (d) 9 h, (d) 12 h and (f) 24 h. Insert in each 
image shows feature taken at high magnification. 
 
The X-ray diffractograms illustrated in Figure 5.10 belong to synthesized ZHC powder 
obtained at different hydrothermal reaction times while keeping tri-sodium citrate and urea 
concentration constant at 0.3 and 6 mmoles, respectively. When the reaction span was 1 h, 
peaks indexed belonged to pure ZnO. From Figure 5.10a, upon aging, ZHC precursor was 
obtained which gradually started to convert in-situ to ZnO at/above period of 12 h. From the 
XRD analysis, the ZHC precursor synthesized at 120oC with tri-sodium citrate and urea 
concentration of 0.3 and 6 mmoles showed desired phase and crystallinity. The ZHC 
precursor upon calcination at 400oC for 2 h gave pure ZnO, as seen in Figure 5.10b.  
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Figure 5.10: X-ray diffraction patterns obtained at different hydrothermal reaction time where (a) 
synthesized ZHC precursor and (b) ZHC precursor post calcination at 400oC for 2 h. 
 
5.3.1.3.5 Calcination Time  
Based on the inferences drawn by varying the reaction parameters, it was confirmed that to 
achieve hierarchical ZnO microspheres, the optimum amounts of urea and tri-sodium citrate 
are 6 mmoles and 0.3 mmoles with hydrothermal reaction temperature and time being 120oC 
for 6 h. Previous section discussed FE-SEM micrographs of sample at 120oC for 6 h, as it 
was more important to study morphology features obtained after hydrothermal reaction 
without heat treatment. In this section, to study the effects of calcination temperature on the 
spherical morphology, heat treatment was carried out at 300, 400 and 500oC for 2 h. 
Figure 5.11 depicts the typical micrographs of as-synthesized powders. Figure 5.11 reveal the 
morphology of ZHC precursor consisting of well-defined hierarchical microspheres with 
diameters in the range of 3-8 µm. It was observed that each sphere consists of numerous 
nanosheets with thickness nearly ~10-20 nm as primary building blocks assembled into a 3D 
structure as seen in Figure 5.11a-b. Upon calcining the ZHC precursor at 300oC for 2 h, the 
original spherical morphology was preserved as seen in Figure 5.11c-d, however large 
number of pores appeared in nanosheets, attributed primarily to the loss of H2O and CO2, in 
line with TG-DTA result (Figure 5.1).23-24 Calcination temperature was increased to 400oC 
while keeping the time constant which lead to the formation of interleaved assembly seen 
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from Figure 5.11e-f. This interleaved assembly gives an impression of knotted wire structures 
amassed together to form a secondary hollow superstructure. Increasing the calcination 
temperature to 500oC resulted in growth of interleaves into polyhedra with diameter in the 
range of 20-200 nm observed from Figure 5.11g-h. These results are in line with the high 
temperature XRD results (Figure 5.2). 
 
 
Figure 5.11: Low and high magnification electron micrographs in scanning mode depicting (a-b) 
Zinc hydroxide carbonate (ZHC) precursor obtained by hydrothermal reaction at 120°C for 6 h. Pure 
ZnO hierarchical interleaved assembly at different calcination temperature for 2 h (c-d) 300oC         
(e-f) 400oC and (g-h) 500oC. 
 
5.3.1.4 Surface Area Analysis 
The optimal concentration for urea (6 mmoles), tri-sodium citrate (0.3 mmoles) and 
hydrothermal reaction (120oC for 6 h) parameters were confirmed, the resulting ZnO powder 
was subjected to surface area and pore size analysis evaluated using BJH and BET technique. 
Figure 5.12 reveals that the N2 adsorption-desorption is of type IV with H4 hysteresis loop. 
The BET surface area of the nanocomposite calculated from the linear part of multipoint plot 
was found to be 320 m2.g-1, which is nearly 8-fold higher than that reported for 
nanostructured ZnO and could be attributed to the simple thermal modification applied to the 
existing methodology.23-24 The isotherm was identified as type IV indicating the enormous 
amount of pores (D = 2-150 nm) in the microspheres, confirming high mesoporosity, 
essential for MOS based gas sensors. The corresponding pore diameter distribution curve (see 
insert in Figure 5.12) reveals that most of the pores fall into a size range of 20-100 nm. 
Average pore size from BJH desorption pore size distribution was observed to be 12 nm. 
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Table 5.1 summarizes surface area measurements achieved for ZnO microspheres 
synthesized in the present work with the previously reported work. 
 
 
Figure 5.12:  N2 adsorption–desorption Barret-Joyner-Halenda (BJH) isotherms of hierarchical ZnO 
microspheres. Insert: Corresponding BJH pore size distributions.   
 
Table 5.1: Summary of surface area for ZnO microspheres                           
Material Method Calcination 
temperature and 
time 
Surface Area 
(m2.g-1) 
Refs 
ZnO Hydrothermal None 65 Present study 
ZnO Hydrothermal 300oC/2h 120 Present study 
ZnO Hydrothermal 400oC/2h 320 Present study 
ZnO Hydrothermal 500oC/2h 280 Present study 
ZnO Hydrothermal 300oC/2h 39.60 23 
ZnO Hydrothermal None 25.74 24 
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5.3.2 Physicochemical Characterization of Ag@CuO/ZnO nanocomposite 
This subsection discusses the decoration of ZnO microspheres in controlled amount with 
CuO leaves and Ag nanoparticles. As-synthesized Ag@CuO/ZnO composites were 
characterized extensively by TG-DTA, XRD, XPS, FE-SEM and TEM micrographs to 
confirm its suitability as a novel CO2 sensitive layer to enhance gas sensing performance.  
 
5.3.2.1 Thermo-gravimetric & Differential Thermal (TG-DTA) Analysis 
The ZnO spheres used as base matrix here were synthesized by calcining ZHC precursor 
synthesized at 120oC for 6 h with urea and tri-sodium citrate concentration at 0.3 and 
6 mmoles, respectively and calcined at 400oC for 2 h. These ZnO spheres were decorated 
with CuO using copper (II) acetate monohydrate as precursor. The thermal decomposition of 
CuO/ZnO nanocomposite was investigated by TG-DTA analysis to confirm its thermal 
stability. Figure 5.13 shows four step decomposition of the sensitive material. The three 
strong peaks in the 100-350oC region with weight loss of 2.8% can be attributed to removal 
of surface adsorbed water and organic moieties, corresponding to endothermic peaks at a 
temperature 101, 215 and 310oC in DTA spectra. The weight loss in the range 350-450oC is 
also known to occur due to combustion of organic compounds from precursor and solvent 
which leave the system in the form of COX (x=1,2) and organic gases. Here maximum weight 
loss (~1.4%) is observed to be taking place in the temperature range 150-400oC. Beyond 
500oC, minimal weight loss takes place and the composite is observed to be stable.  
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 Figure 5.13: TG-DTA trace of CZ-1:1 under ambient air atmosphere. Other samples with different 
CuO/ZnO ratios had similar TG-DTA traces associated with them. 
 
5.3.2.2 X-ray diffraction (XRD) Analysis 
To determine atomic and molecular structure of the as-synthesized ZnO decorated CuO 
composites in various mole ratios, X-ray diffraction technique was utilized. X-ray 
diffractograms of as-synthesized pure ZnO, pure CuO and CuO/ZnO nanocomposite 
achieved by varying amount of CuO are presented in Figure 5.14. The sharp peaks in the 
range 2Ɵ range from 10 to 80o for the nanocomposites suggest its high crystallinity. Post heat 
treatment of ZHC precursor (400oC for 2 h), it was observed from the sharp peaks in 
diffractogram that the synthesized material is ZnO with hexagonal structure (space group: 
P63mc (186), JCPDS card no.89-1397), in agreement with HT-XRD data (Figure 5.2). The 
diffraction pattern for pure CuO can be indexed to tenorite monoclinic cupric oxide (space 
group: C2/c (15), JCPDS card no. 45-0937). The pattern for CuO/ZnO nanocomposite in 
1:100, 1:8, 1:4, 1:2 and 1:1 ratio, show peaks corresponding to hexagonal ZnO and 
monoclinic structured CuO matching well with the reported data. It is evident that 
impregnating CuO into ZnO network assembly did not significantly alter the position of the 
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nanocomposite peaks. This suggests that CuO and ZnO co-exist in the composite as 
independent phases. It was observed that above 1:4 mole ratio, more molar content of CuO is 
present compared to ZnO, which could be one of the reason for  poor sensor response 
exhibited by composite at/above this ratio, which will be discussed in succeeding section (see 
section 5.3.3).  
 
Figure 5.14: Representative stacked X-ray diffraction patterns of pure ZnO obtained after calcination 
at 400oC for 2h, pure CuO and ZnO decorated with CuO in various mole ratios at 50oC for 15 h to 
form composite. 
 
5.3.2.3 Electron Microscopy Analysis 
Figure 5.15a shows ZnO interleaved network formed by self-assembly of numerous 
perforated nanosheets with thickness of each plate from 10 to 20 nm. In addition, on the 
surface, the distance between two adjacent plates can be observed to be few hundreds of 
nanometres, hinting at high porosity. The TEM micrograph reveals a single hierarchical 
sphere having a diameter of ~5 μm (Figure 5.15b). The SAED pattern illustrates the Laue 
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spots along with rings (Insert of Figure 5.15b), confirming that the synthesized material is 
hexagonal structured ZnO with space group - P63mc (186), is in agreement with XRD 
(Figure 5.14). The synthesised CuO powder was found to have 2D leaf-like morphology with 
thickness of 10-30 nm (Figure 5.15c-d). The SAED pattern can be indexed to tenorite 
monoclinic CuO with space group - C2/c (15) (see insert of Figure 5.15d). The proximity of 
p-type CuO microleaves with the n-type ZnO hollow spheres as shown in Figure 5.15e-f 
indicates the formation of intermittent heterocontacts, while the insert showing SAED 
confirms the presence of both CuO and ZnO (see insert of Figure 5.15f). 
 
 
Figure 5.15: Micrographs in scanning and transmission mode where (a-b) ZnO microspheres 
achieved post calcination at 400oC for 2 h, (c-d) CuO microleaves (e-f) CuO/ZnO nanocomposite 
showing closely formed heterocontact between CuO and ZnO. Insert shows selected area electron 
diffraction (SAED) patterns of ZnO, CuO and the CuO/ZnO composite (CZ-1:1). Yellow circle and 
pink arrow point towards ZnO and CuO respectively. 
 
It is difficult to quantify small percentages of metal nanoparticles, hence in order to show that 
silver had in fact got deposited over the composite, CZ-1:1 composite impregnated with        
5 wt.% Ag was used for elemental quantification. Quantitative elemental mapping of CZ-1:1 
composite displayed uniform presence of all elements and showed non-stoichiometric ratio of 
Cu to Zn as observed from Figure 5.16. This could be due to densely decorated CuO 
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microleaves over and inside the hollow ZnO microspheres, which is in agreement with XRD 
result of CZ-1:1(Figure 5.14). 
 
Figure 5.16: (a) Scanning electron micrograph revealing the actual area of CuO/ZnO composite used 
for elemental quantification, (b) layered EDS micrograph, elemental maps demonstrate uniform 
presence of (c) zinc (Zn), (d) copper (Cu), (e) oxygen (O), (f) silver (Ag) and (g) energy dispersive  
X-ray spectroscopy analysis of CuO/ZnO composite (CZ-1:1) decorated with 5 wt.%Ag. 
 
5.3.2.4 X-ray Photo-electron spectroscopy (XPS) Analysis 
Surface chemistry and oxidation states of metal in composites were attested from XPS 
spectra calibrated with reference to C 1s peak at 284.6 eV. Since, XPS is highly sensitive 
surface technique compared to EDS for detecting signal from elements in very low 
concentration, here the spectra were achieved with CuO/ZnO composite decorated with    
1 wt.% Ag. The stacked XPS survey spectrum of pure ZnO, pure CuO and CZ-1:1 and CZ-
1:1 functionalized with 1 wt.%Ag is illustrated in Figure 5.17. The major peaks visible refer 
to Zn 3d, Zn 3s, Zn 3p, Zn LMM, Zn 2p, Cu 3d, Cu 3s, Cu 3p, Cu LMM, Cu 2p, O KLL, 
Ag 3d, O 1s and C 1s.  
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Figure 5.17: Stacked XPS spectrum of (a) pure ZnO, (b) pure CuO, (c) CZ-1:1 and (d) 1 wt%Ag-CZ-
1:1. 
 
The Ag 3d core level XPS spectrum is shown in Figure 5.18a. The peaks centered at 368 
and 374 eV can be assigned to 3d5/2 and 3d3/2 respectively with a well separated 6 eV spin-
orbit components confirms the zero-valent oxidation state of Ag.26 Further, presence of two 
weakly visible loss features substantiates existence of Ag in zero valence state. As shown in 
Figure 5.18b, the two peaks recorded in the Zn 2p region at 1021 and 1044 eV can be readily 
attributed to Zn 2p3/2 and Zn 2p1/2 respectively, with spin-orbit splitting of 23 eV confirming 
Zn2+ in ZnO.27 Figure 5.18c shows XPS of Cu 2p core level, from which the peaks at 953 and 
933 eV are found to correspond to the Cu 2p1/2 and Cu 2p3/2 respectively, with a spin-orbit 
splitting of 19.7 eV, which are indicative of the presence of the paramagnetic chemical state 
of Cu2+. The two satellite peaks at 962 and 938-946 eV confirms the oxide in the composite 
as CuO.28 In a bid to identify the nature of defects such as vacancies and interstitial, analysis 
of O 1s core-level spectrum was carried out. The O 1 s spectrum is characterized by three 
peaks after deconvolution as shown in Figure 5.18d. The high binding energy peak centered 
125 
 
at 532 eV is attributed to chemisorbed H2O. The middle binding energy peak centered at 
530 eV corresponds to the O2− ions in the oxygen-deficient regions (VO• ). The low binding 
energy peak at 529 eV can be attributed to O2− ions at interstitial sites in the ZnO structure 
(Oi−).27 
 
       
      
 
Figure 5.18: Representative XPS core level spectra of CZ-1:1 impregnated with 1 wt.% Ag,             
(a) Ag 3d, (b) Zn 2p, (c) Cu 2p and (d) O 1s. 
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5.3.3. Chemo-Resistive based CO2 Gas Sensing Performance 
This section details the sensing performance of pure ZnO, CuO and Ag@CuO decorated ZnO 
composites as CO2 sensitive layers in chemo-resistive gas sensor. Tests were conducted with 
sensors comprising of different ratios of CuO to ZnO as well as samples containing Ag due to 
its catalytic property. The attractive features of nanostructures with controlled morphology as 
discussed in the preceding sections have been substantiated by a critical evaluation of its gas 
sensing performance in the following subsections. Sensor element fabrication, sensor set-up 
and test patterns employed to investigate sensing parameters are detailed in section 3.4 
(Chapter 3). 
 
5.3.3.1 Sensor Response Characteristics  
The gas sensing studies involved measuring the resistance of p-type CuO/n-type ZnO 
nanocomposite layer upon exposure to CO2 gas concentration balanced in the 100-10000 ppm 
air at different working temperatures and response/recovery characteristics as a function of 
time. The gas ﬂow during these studies was maintained at 200 sccm. Prior to each sensing 
pattern, the sensor element was preheated at 500oC for 6 h in air to stabilize the sensor 
surface and to remove adsorbed water or residual organic species. Optimum working 
temperature was determined from the plot of sensor response versus working temperature 
(temperature profile), maintaining constant flow of 200 sccm CO2 gas balanced in air. 
Figure 5.19a illustrates sensor response as a function of operating temperature for pure ZnO, 
pure CuO, and CuO micro-leaves decorated ZnO spheres in different mole ratios. The 
measurements were performed at 20°C interval increments between 100 to 400°C. Pristine 
ZnO spheres and CuO micro leaves showed negligible response towards 10000 ppm CO2 gas. 
However, with an increase in CuO mole ratio, the CuO/ZnO interleaved assembly showed 
significant improved response with maximum of 56% at 320°C for 1:8 mole ratio compared 
to other composites. Decrease in sensor response was observed for composites with CuO 
loading in mole ratio above 1:8, suggesting that this as optimum composition for CO2 sensing 
at 320°C. Figure 5.19b shows the CZ-1:8 composite tested towards different CO2 
concentrations and temperatures. The result showed steady increase in sensor response with 
increase in CO2 gas concentration until 320oC. The increase in sensor response with increase 
in CO2 concentration even at lowest tested ppm level suggests the broad detection scope of 
the sensor under study.  
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Figure 5.19: Sensor response characteristics of (a) control and ZnO samples with different CuO 
composition ratios when tested towards 10000 ppm CO2 gas and (b) CZ-1:8 composite as a function 
of operating temperature towards different CO2 gas concentrations. 
 
To test the sensing performance improvements of Ag loaded versions of the CZ-1:8 
composites, several samples were fabricated with different Ag loadings between 0.5 to 2 
wt.%. Figure 5.20a shows the sensor response of CZ-1:8 as a function of operating 
temperature for different weight percentages of Ag towards 1000 ppm CO2 gas at 320oC. It is 
observed that the sensor response increases with increase in Ag content up to starting 
concentration of 1 wt.% prior to decreasing with any further increase in the Ag content. The 
maximum value of 33 and 34% was observed for 0.5 and 1 wt.% Ag-impregnated CuO/ZnO 
composite. Figure 5.20b illustrates the calibration curve showing the linear dependence of 
sensor response on CO2 gas concentration in the 100-1000 ppm range.  
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Figure 5.20: Sensor response characteristics of (a) CZ-1:8 composite as a function of operating 
temperature for different weight percentages of Ag towards 1000 ppm CO2 gas and (b) control and 
ZnO samples with different CuO composition ratios as a function of CO2 gas concentration at 320oC. 
 
The dynamic transients for CZ-1:8 and 1 wt.%Ag-CZ-1:8 at an operating temperature of 
320oC is illustrated in Figure 5.21a. The cycles corresponding to different concentrations of 
CO2 gas were recorded sequentially ranging from 100 to 1000 ppm. Over this gas 
concentration range, 1 wt.%Ag-impregnated CuO/ZnO composite showed enhanced response 
magnitude compared to the composite without Ag. It was observed that Ag impregnated 
CuO/ZnO based sensors showed a fast response and recovery time in each case toward 
different CO2 concentrations. From Figure 5.21b, the response and recovery times for            
1 wt.%Ag-CZ-1:8 were 76 and 265 s, respectively while for CZ-1:8 the times were 82 and 
286 s, respectively, when tested towards 1000 ppm CO2 gas. Table 5.2 and 5.3 illustrates the 
sensor response magnitude, response and recovery times for CZ-1:8 and 1 wt.%Ag-CZ-1:8 
composite based sensor obtained over gas concentrations of 100-1000 ppm range at 320oC. 
Interestingly, the response magnitude increased and recovery times decreased with increase 
in gas concentration indicating interaction of CO2 with metal oxide semiconductor, which 
could be forming new product through series of reversible reactions.  
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Figure 5.21: (a) Dynamic profiles upon exposure to different CO2 gas concentrations and                 
(b) Response and recovery transient curves at 320oC. 
Table 5.2: Sensor characteristics as a function of CO2 gas concentration for CZ-1:8              
(calculated from the data presented in Figures 5.21a). 
 100 ppm 300 ppm 500ppm 700ppm 1000ppm 
Response (s) 150 140 110 96 82 
Recovery (s) 200 215 240 270 286 
Sensor response (%) 10.24 13.29 17.84 23.86 29.51 
 
Table 5.3: Sensor characteristics as a function CO2 gas concentration for 1 wt.%Ag-CZ-1:8                  
( calculated from the data presented in Figures 5.21a). 
 100 ppm 300 ppm 500ppm 700ppm 1000ppm 
Response (s) 130 115 102 85 76 
Recovery (s) 185 200 225 250 265 
Sensor Response (%) 12.18 16.28 21.57 27.06 34.42 
 
For any sensor, the ability to selectively detect a test gas in the presence of other interfering 
gases with similar properties is important. Hence, the effects of common interfering gases 
(SO2, NO2, NO and CO) with each gas concentration being 1000 ppm balanced with air at 
320°C were confirmed for the CuO/ZnO composite sensitive layer in comparison with the 
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reference to pure ZnO spheres and CuO leaves layers as shown in Figure 5.22a. Pure ZnO 
and CuO did not show any significant response to the specific analyte gases. The 1 wt.%Ag-
CZ-1:8 exhibited high CO2 selectivity characteristics compared to the composite without Ag. 
It is worth mentioning that the response of 1 wt.%Ag-CZ-1:8 sensors in presence of tested 
interfering gases were nearly 10 times higher than that of pure ZnO and CuO. The long-term 
stability and repeatability of the composite gas sensors were tested towards CO2 gas over a 
period of 40 days and illustrated in Figure 5.22b. The sensors were tested for 10 cycles per 
day, thus collecting a total of 400 data points to determine stability and repeatability of the 
composite under study. Both sensors exhibited good reproducibility in their sensing 
performance with a nearly constant response magnitude towards 1000 ppm gas concentration 
at 320oC. The sensors were maintained at an operating temperature of 320oC in air 
atmosphere throughout the study. 
 
      
Figure 5.22: (a) Cross-selectivity studies measured 5 consecutive times ad fitted with standard 
deviation (±σ) as error bar in presence of various interfering gases with concentration of each gas 
being 1000 ppm balanced in air and (b) long-term stability and repeatability performance measured 
over 400 data points calculated from the sensors response when exposed to 1000 ppm of CO2 gas 
concentration (All studies were performed at 320oC). 
 
The MOS based chemo-resistive sensor characteristics were determined from the data 
presented in Figure 5.21-5.22 and are summarized in Table 5.4. The methods to determine 
these performance parameters are detailed extensively by Sabri et al.29 It was observed that 
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for nearly 400 data points collected, the 1 wt%Ag-CZ-1:8 had higher repeatability, accuracy 
and better recovery than the CZ-1:8 sensor which is demonstrated graphically in Figure 5.21 
and Figure 5.23. The sensor response as a function of CO2 gas concentration with standard 
deviation (±σ) is presented in Figure 5.23. Improved sensitivity in presence of CO2 gas here 
could be attributed to well-defined hierarchical hollow ZnO spheres with high surface area 
achieved by a facile thermal modification. Further, ZnO decoration with Ag@CuO using 
convenient technique with easily controllable process parameters allowed formation of p/n 
junction in large scale in the composite sensitive layer. 
 
 
Table 5.4: Sensor characteristics calculated from the data presented in Figures 5.20-5.21 (The 400 
data points are calculated from the sensors response when exposed to 1000 ppm of CO2 gas 
concentration at 320oC).  
 
Sensor Characteristics  CZ-1:8 1%Ag-CZ-1:8 
Recovery (%) 92 97 
Repeatability (%) ~97.2 ~95.5 
Accuracy (Contingency of ±20%) ~81 ~86 
Average Error (Measured from ±σ) 0.45 0.96 
Coefficient of Variance (CoV, %) ~2.8 ~4.5 
Coefficient of Determination (R2)  ~0.9865 ~0.997 
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 Figure 5.23: Sensor response versus CO2 gas concentration fitted with standard deviation (±σ) as 
error bar measured at 320oC. 
 
Figure 5.24 and 5.25 illustrates a series of XRD and TEM micrographs revealing that after 10 
repeated cycles of the CO2 sensing experiments each day over a period of 40 days, the crystal 
structure, primary morphology and the elemental composition of the nanocomposite was not 
affected, thereby confirming its suitability as a robust gas sensor material. 
 
Figure 5.24: Representative stacked plot of X-ray diffraction patterns of CZ-1:8 (a) before and        
(b) after 40 days CO2 gas sensing. 
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Figure 5.25: TEM micrographs of CZ-1:8 composite (a) before and (b) after 40 days of CO2 
sensing. 
 
5.3.3.2 Plausible Sensing Mechanism Discussion 
To determine a plausible sensing mechanism for the CuO/ZnO composite towards CO2 gas, 
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) in absorbance mode 
was employed. Due to instrument limitation, DRIFTS measurements were carried out at 
200oC in contrast to optimum operating temperature of 320oC discussed in preceding section. 
Nonetheless, the sole purpose was to use this technique to identify species participating in 
sensing mechanism, which was possible at 200oC.30-32 Figure 5.26 shows evolution of 
DRIFTS spectrum for CZ-1:8 obtained by following the experimental procedure as follows. 
Briefly, the measurements were taken at room temperature on a sample that was freshly 
synthesized as well as after it had been exposed to CO2 gas. This was done in order to 
ascertain the already adsorbed species on the surface of the sensitive layer before exposing it 
to CO2 gas observed from Figure 5.26a. Then the sample was exposed to dry air and the 
corresponding DRIFTS spectrum obtained at a stable temperature of 200oC is shown in 
Figure 5.26b. Following this, CO2 gas was introduced into the chamber and corresponding 
spectrum was acquired and is presented as Figure 5.26c. Finally, CO2 gas was flushed out of 
chamber and the sample was again exposed to dry air, to study its regeneration capability, 
presented in Figure 5.26d. The spectrum of the composite achieved by exposing it to dry 
ambient air at room temperature shows a weak peak at 448 cm-1 and broad peak at 510 cm-1, 
attributed to stretching vibrations of Zn–O and Cu–O in CuO/ZnO composite (as shown in 
Figure 5.26a).33-34 A weak band at 882 cm-1 is related to ʋ2 bending mode in CuO. Low 
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intensity peaks at 1350, 1484 and 1630 cm-1 are characteristic vibrations of carboxylic 
groups. A weak hump due to superficial –OH group and adsorbed molecular water is visible 
in the range 3000-3600 cm-1.32 The peak at 2342 cm-1 attributed to atmospheric CO2 
interference, which was not corrected while recording the spectrum.30-32 Spectrum remained 
unaltered when the sample was heated to 200oC, except for increase in peak intensity due to 
absorbed molecular water and –C-H group (as shown in Figure 5.26b). Introduction of CO2 
gas into the chamber, resulted in one new peak at 672 cm-1 that subsequently disappeared on 
evacuation, thereby confirming that the CO2 gas adsorption/desorption processes are 
completely reversible and no permanent reaction takes place (as shown in Figure 5.26c-d). 
The emergence of a peak at 672 cm-1 is attributed to the fundamental mode of carbonate ion 
group (−CO32−) due to in-plane bending, confirming formation of copper carbonate (CuCO3) 
species on the surface in the presence of target gas. High intensity peak in range               
2228-2450 cm-1 is due to adsorbed CO2 and for ease of interpretation can be excluded from 
the studies. Further, a decrease in 1484 and 1626 cm-1peak intensity is observed, indicating 
that bands get altered in the presence of gas. Splitting of broad band in the range 3000-
3600 cm-1, into two peaks at 3602 and 3714 cm-1, materializing only in presence of the CO2 
gas can be assigned to hydroxyls groups of adsorbed water. One can assume that CuO in 
presence of CO2 forms CuCO3 and this carbonate species in presence of –OH group show 
high possibility to form hydroxocarbonate (Cu(HCO3)2).34 This consequently leads to 
decrease in the concentration of water related hydroxyl species.  
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Figure 5.26: DRIFTS measurement of CZ-1:8 composite, where the spectra was collected in each 
case 10 mins (a) room temperature (b) in absence of CO2 gas at 200oC, (c) in presence of CO2 gas 
(response curve) at 200oC, (d) room temperature in absence of CO2 gas (recovery curve). 
 
The CO2 gas sensing mechanism taking at CuO/ZnO hetero-surface is illustrated graphically 
in Figure 5.27. Only basing on these findings the exact sensing mechanism cannot be 
proposed with complete certainty. Nevertheless, from the reported hypothesis by many 
researchers for CO2 sensitive materials and DRIFTS technique discussed herein, it can be 
assumed that the sensing mechanism stems from a number of major factors.1-8  
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Figure 5.27: CO2 gas sensing mechanism at interleaved Ag@CuO/ZnO heterojunction. 
 
Based on materials characterization details explained in previous section, employment of  
n-type semiconductor, ZnO as base matrix which has low lattice mismatch with p-type 
semiconductor CuO, helped in the formation of p/n heterojunction in large quantity in the 
CuO/ZnO composite. Further, it is a widely perceived fact that the sensitivity of metal-oxide 
semiconductor strongly depends on the amount of oxygen species adsorbed on its surface.27 
When the semiconductor is exposed to air, oxygen molecules in the air get adsorbed on its 
surface in the form of chemisorbed oxygen species by trapping electrons from its conduction 
band. These adsorbed oxygen species induce an electron depletion region in the 
semiconductor thereby reducing the carrier concentration. Additionally, the carbonation of 
copper oxide at the surface substantiated from DRIFTS (Figure 5.26) and grain boundaries of 
p/n interface could be occurring due to the lattice matching between materials forming 
heterocontact. Additionally, functionalization of composite with Ag in small amounts            
(1 wt.%) for its inherent catalytic role further helped in enhancing the sensitivity. This is 
presumed to have led to the formation of Schottky junctions between Ag and CuO/ZnO an 
interface which is shown in Figure 5.28.   
To illustrate the formation of p/n and Schottky junctions at the Ag@CuO/ZnO interfaces 
(either/all of Ag@CuO, Ag@ZnO, CuO/ZnO and Ag@CuO/ZnO), localized I-V 
measurements were carried out using conducting-AFM technique with a Pt/Ir tip of ~20 nm 
radius in ambient conditions. The bias was applied to the platinum tip while the fluorine 
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doped tin oxide (FTO) coated with composites remained grounded. I-V traces were acquired 
by sweeping in a bias window of -10V to 10V with a compliance current of ± 250 pA. As 
seen, for the data obtained in Figure 5.28, the I-V traces show typical diode behaviour with 
rectifying characteristics whilst exhibiting minimal leakage current till 3V. The minimal 
leakage current can be attributed to the recombination of electrons and holes at the depletion 
layer.  
 
Figure 5.28: Localized I-V traces obtained from conducting AFM technique demonstrating the 
typical diode behaviour with rectifying characteristics. 
Interestingly, deterioration in sensor response was not observed for Ag functionalized 
CuO/ZnO composite when tested for over 40 days continuously in air atmosphere. It is 
anticipated that part of Ag nanoparticles gets oxidised over a period at least the surface 
region. This leads to formation of Ag+/Ag0 redox couple acting as an electron acceptor.35 
Equilibrium is attained by pinning of Fermi level of either or both metal oxides to the energy 
level of this redox couple, thus creating an electron depletion layer and facilitating in gas 
sensing phenomenon.36 In addition to these, temperature dependent chemisorption 
phenomenon taking place on the composite surface plays a decisive role in chemisorption of 
molecular oxygen. These reversible reactions change the resistance, which forms the basis of 
the sensing mechanism.  In addition to these contributing factors, key role is played by ZnO 
microspheres composed of numerous thin sheets interleaved together to form a hierarchical 
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hollow assembly tried in this chapter, in comparison to the conventional tightly compacted 
particles. This uniform interleaved assembly of ZnO spheres favours the efficient diffusion 
and transport of analyte gas in and out of the sensing layer and thereby making both, outer 
and inner surfaces of composite accessible to the analyte thus, expediting the sensing 
phenomenon owing to the superior properties exhibited by the nanostructured materials such 
as high surface area (nearly 8-fold enhanced area), crystallinity and material stability. 
 
5.4. SUMMARY AND CONCLUSIONS 
Hierarchical ZnO spheres were obtained by a facile thermal modification of a previously 
reported methodology. However, in-depth analysis of various synthesis parameters revealed 
important of the role of tri-sodium citrate in generating hierarchical spheres and urea as a 
neutral mineralizer. In a bid to design novel material for CO2 sensing, ZnO spheres were 
decorated with CuO micro-leaves to form interleaved assembly in various mole ratios by a 
one-step co-precipitation route. Furthermore, the presence of silver enhanced sensitivity 
towards CO2 up to 1 wt.% content. However, further increase in silver decoration reduced the 
sensor performance towards CO2. The physicochemical properties were investigated using 
various characterization techniques and the results can be briefly summarized in the 
following points: 
• TG-DTA confirmed formation of pure ZnO from zinc hydroxide carbonate (ZHC) 
precursor at and above 300oC, further validating phase and stability of ZnO 
microspheres. 
• FE-SEM, TEM and XRD result confirmed hexagonal crystal structured ZnO spheres 
in close contact with cubic structured CuO. XPS confirmed +2 chemical oxidation 
states of Zn2+ in ZnO and Cu2+ in CuO. BET-BJH results showed nearly 8-fold 
increase in surface area attributed to simple thermal modification reported in this 
study. 
• Steady increase in sensor response was observed with increase in CO2 gas 
concentration, with maximum of ~56% towards 10,000 ppm gas at 320oC. Sensor 
response increased with increase in Ag up to 1 wt.%, thereafter it decreased steadily. 
The maximum value of 34% towards 1000 ppm gas concentration at 320°C was 
observed for 1 wt.%Ag-CZ-1:8 composite.  
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• The response and recovery times for 1 wt.%Ag-CZ-1:8 were 76 and 265 s and for CZ-
1:8 were 82 and 286 s respectively.  
• Pure ZnO and CuO did not show any significant response to the various oxidizing 
gases during the cross-sensitivity study, however the 1 wt.% Ag impregnated 
CuO/ZnO exhibit highly CO2 selective sensing characteristics compared to the 
composite without Ag. The response of 1 wt.%Ag-CZ-1:8 sensor was nearly 10-fold 
higher than that of pure ZnO and CuO. 
• The long-term repeatability and stability of the 1 wt.%Ag-CZ-1:8 and CZ-1:8 
composite towards CO2 gas was followed by measuring the sensor response over the 
period of 40 days with 10 cycles per day. Both sensors exhibited good reproducibility 
in their sensing performance with a constant response magnitude observed towards 
1000 ppm gas concentration at 320oC. 
• The 1 wt.%Ag-CZ-1:8 composite showed excellent recovery (97%), repeatability 
(98%), accuracy (86%) with lower drifts (with a CoV = 1.3% with an average error of 
0.45%) measured over an extended period of 40 days with test pattern repeated per 
day gathering almost 400 data points. 
Based on these encouraging results that were obtained from the, 1 wt.%Ag-CuO/ZnO in 
1:8 mole ratio based chemo-resistive sensor, the device can be considered as a novel 
candidate material for low temperature based solid-state CO2 gas sensors. The results 
encourage the investigation of other p/n systems for the same application and on this note 
the study of p-type CuO/n-type SnO2 composite synthesis parameters and their effect on 
chemo-resistive CO2 detection performance is studied at an operating temperature of only 
300oC was achieved (see Chapter 6). 
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Chapter 6 
Investigating Ag@CuO:Cu2O/SnO2 
Nanocomposites for their Improved CO2 Gas 
Sensing Performance 
 
This chapter details the synthesis and chemo-resistive CO2 gas sensing performance of 
Ag@CuO:Cu2O/SnO2 nanocomposites. Sensing properties such as sensitivity, selectivity, 
stability and response/recovery times were investigated to demonstrate reduction in the 
operating temperature as a result of p/n heterojunction formation. A detailed insight into the 
sensing mechanism based on in-situ UV-DRS spectroscopy is also presented. 
 
 
 
 
 
 
 
Findings discussed in this chapter have been published in the following research articles, 
 
[1].  Shravanti Joshi, Samuel J Ippolito, Manorama V Sunkara, Convenient architectures of 
Cu2O/SnO2 type II p-n heterojunctions and their application in visible light catalytic 
degradation of Rhodamine B, RSC Adv., 2016, 6(49), 43672-43684. 
 
[2]. Shravanti Joshi, Satyanarayana Lanka, Manjula Pandiri, Samuel J Ippolito and 
Manorama V Sunkara, Chemo-resistive CO2 gas sensor based on CuO-SnO2 
heterojunction nanocomposite material, IEEE Xplore, 2015, 43-48. 
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6.1. INTRODUCTION  
In the previous chapter, CO2 gas sensing performances of novel p/n type semiconducting 
CuO/ZnO nanocomposites were tested. The 1 wt.%Ag-CuO/ZnO composite in 1:8 mole ratio 
showed improved response of 34% towards 1000 ppm CO2 gas at a temperature of 320oC 
compared to pure ZnO (~2%) and pure CuO (~5%). Although, the long-term sensor 
performance showed that optimal sensitivity and stability over a period of 40 days can be 
achieved, the sensor response and recovery time were observed to be 76 and 265 s 
respectively, which could be considered as too long in some practical sensor applications and 
hence, further modification were adjudged compulsory while keeping the sensor platform 
same, to enhance the effectiveness of the sensitive layer. It was thought that one of the 
feasible ways to improve this aspect is by replacing base matrix i.e. ZnO with another 
suitable n-type semiconductor that has a high surface charge transfer ratio and better 
temperature stability. Tin dioxide (SnO2) is a popular n-type metal oxide semiconductor 
which can be easily tailored to form hierarchical nanostructures and is documented widely as 
sensitive material for reducing gases such as carbon monoxide (CO), hydrogen (H2) and 
volatile organic carbons (VOCs), to name a few. As mentioned in earlier (see Chapter 2, 
Table 2.8), although SnO2 has band-gap similar to ZnO, but with lower work function and 
higher charge carrier concentration it could further favour sensing phenomenon compared to 
ZnO as base matrix. 
Recently, few researchers reported on CO2 sensitivity of SnO2, wherein its selectivity was 
tuned by proper selection of p-type metal oxide additives.1,2 Diagne et al.3 reported on CO2 
sensitivity of tin dioxide- lanthanum oxychloride (SnO2-LaOCl) with 2% LaO, presenting a 
better performance as a CO2 sensor with a sensitivity of about 38% at 425°C under 2000 ppm 
CO2 in dry air. Kim et al.4 reported on CO2 sensitivity of 0.01M La coated SnO2 film heat-
treated at 1000°C for 5 min in air. The sensor showed maximum sensitivity of 59% at 400°C 
in artificial air (80% N2+20% O2). In both cases, complex synthesis routes involving high 
temperature sintering was required, which is well known to lower the active surface area of a 
material and potentially reduce its oxygen vacancies that are crucial for gas sensing 
applications. Recently, Xu et al.5 reported on CO2 microsensor based on nanocrystalline 
SnO2 doped with CuO by thick film technology and sol-gel process involving calcination at 
700°C for 2 h in air, in 1(CuO):8(SnO2) molar ratio that exhibited excellent response to gas 
concentrations in the range from 1 to 4% balanced in nitrogen when operated at 450oC. 
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Though, the study revealed an important insight on novel CO2 sensitive material in 1:8 mole 
ratio however, in-depth scientific exploration of sensing mechanism and sensor 
characteristics such as effect of sensitivity and selectivity as a function of sensitive layer 
composition under different operating temperatures remained unclear. Conscious of this 
background, in an attempt to reduce the sensor operating temperature with improvement in 
response/recovery times, ZnO was replaced with another n-type semiconductor i.e. SnO2, 
known to have least minimal lattice mismatch with copper oxides. It has been extensively 
reported that the interaction of noble metal and a metal oxide in base matrix leads to new 
structural and redox properties, thereby leading to improvement in sensing phenomenon.6-9 
This CuO:Cu2O/SnO2 nanocomposite was embellished with silver for its catalytic property, 
which is known to lower operating temperature by increasing the carbonation ability of CuO 
in presence of CO2 gas. This was anticipated based on the encouraging results obtained with 
regards to CuO/ZnO composite in the previous chapter. Furthermore, in the literature except 
a report by Xu et al,5 there are hardly any reports on CO2 sensitivity of nanocomposite formed 
of porous SnO2 nanospheres with p-type CuO:Cu2O. Both CuO and Cu2O are p-type metal 
oxide semiconductors with narrow band-gap 1.2 and 2.2 eV. Further, CuO:Cu2O offer 
convenient electrons transport pathways due their dissimilar work functions, crucial from gas 
sensing viewpoint. Most of the sensor materials as-synthesized in literature are based on 
tedious process involving sintering and various thick/thin film techniques. But interestingly, 
here a novel simple chemical modification yields a novel nanocomposite with unique 
properties such high surface area, crystallinity and porous structure. Furthermore, a physical 
analogue that exists between metal-oxide semiconductor heterojunction and noble metal is 
presented. This work also gains significance, since it is an attempt in realizing a sensor for 
CO2 detection with an efficient sensor response at lower operating temperature (<320oC) with 
UV-DRS spectroscopy to support sensing mechanism.  
 
6.2. MATERIALS AND METHODS 
This section details the materials and methods employed to achieve the sensitive layer 
comprising of CuO:Cu2O/SnO2 nanocomposite by sol-gel and hydrothermal route to form 
composites in various mole ratios. Subsequently, the composites were then functionalized 
with Ag using a facile wet-impregnation technique. 
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6.2.1. Chemicals  
All chemicals were of analytical reagent (AR) grade and used without further puriﬁcation. 
Sodium stannate trihydrate (Na2SnO3.3H2O), cupric (II) acetate monohydrate 
(Cu(CO2CH3).H2O) and D-(+)-glucose monohydrate (C6H12O6.H2O) were procured from 
Sigma-Aldrich. Millipore deionised water (18.2 MΩ.cm) was used throughout the 
experimentation. 
 
6.2.2. Synthesis of SnO2 Nanospheres  
Synthesis of SnO2 nanospheres was carried out by a previously reported methodology.10 
Briefly, 1 g of sodium stannate trihydrate was dissolved in 30 mL of deionized water to get 
0.125 M stannate solution that was taken in a round-bottom ﬂask followed by addition of 2 g 
of D-(+)-glucose monohydrate and then kept for stirring at 50°C. After 12 h of reaction, as 
formed white precipitate of SnO2 nanospheres were collected by centrifugation, washed with 
deionised water at 14000 rpm for 10 min (5-6 times) and dried at 60°C. The obtained final 
product weighed around 300 mg. 
 
6.2.3. Synthesis of CuO:Cu2O/SnO2 Nanocomposite 
 In order to synthesize composite of CuO:Cu2O and SnO2 in equimole ratio, stoichiometric 
amount (1.5 g) of the above described pre-synthesized SnO2 and cupric (II) acetate 
monohydrate (1.9965 g) as starting materials were added to 40 ml of deionised water. This 
solution was stirred magnetically for 20 min and ultrasonicated for 60 min to obtain 
homogeneity, then transferred to 100 mL Teflon-lined stainless-steel autoclave and placed in 
a programmable oven. The temperature was raised to 180°C at a heating rate of 10°C/min 
and held at constant temperature for 3 h. After completion of reaction, the resultant mixture 
was cooled overnight and centrifuged at 6000 rpm for 10 min and washed several times with 
deionised water to obtain the product that was finally dried in an oven at 60°C. The final 
product weighed around 1.8 g. Calculations for synthesizing nanocomposite in various mole 
ratios are similar to protocol described in detail elsewhere (see section 3.4.5). SnO2 decorated 
with CuO to form CuO/SnO2 composites in 1:8, 1:4, 1:2, 1:1, 1.25:1 and 1.5:1 mole ratios 
hereafter will be referred as CS-1:8, CS-1:4, CS-1:2, CS-1:1, CS:1.25:1 and CS-1.5:1, 
respectively. 
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6.2.4. Functionalization with Silver Nanoparticles 
To incorporate different weight percentages of silver, a solution impregnation technique 
was employed. To achieve a composite functionalized with 0.5wt.%Ag, 3.94 mg of silver 
nitrate (AgNO3) salt i.e. was added to the 0.5 g of as-synthesized CuO:Cu2O/SnO2 
nanocomposite suspended in 30 ml deionized water under magnetic agitation. Thereafter, 
10 mg of sodium borohydride (NaBH4) was used to undergo in-situ reduction of the silver 
nitrate (I) to metallic silver (0). Calculations for Ag functionalization over CuO:Cu2O/SnO2 
nanocomposite in various ratios are similar to protocol described in detail elsewhere 
(See section 3.4.5). Ag functionalized CuO/SnO2 composite in 1:1 mole ratio with 0.5, 1, 1.5 
and 2 weight percentages, henceforth will be referred as 0.5 wt.%Ag-CS-1:1, 1 wt.%Ag-CS-
1:1, 1.5 wt.%Ag-CS-1:1 and  2 wt.%Ag-CS-1:1, respectively. Synthesis route employed as 
described here in the experimental section to obtain Ag@CuO:Cu2O/SnO2 nanocomposite is 
illustrated in Figure 6.1. 
      
     Figure 6.1: Synthesis route employed to achieve Ag@CuO:Cu2O/SnO2 nanocomposite. 
 
6.3. RESULTS AND DISCUSSION 
This section discusses the material characterization and CO2 sensing performance for controls 
CuO, SnO2 and CuO:Cu2O/SnO2 composites decorated with Ag in various weight 
percentages. The initial subsections details the phase and morphology formation of 
Ag@CuO:Cu2O/SnO2 composites in controlled amounts. Thereafter, CO2 sensing 
performance is discussed and further sensing mechanism is corroborated based on findings 
from in-situ ultra-violet diffuse reflectance spectroscopy (UV-DRS) measurements. 
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6.3.1. Ag@CuO:Cu2O/SnO2 Nanocomposite Characterization 
This subsection discusses the physicochemical novelties of the Ag@CuO:Cu2O/SnO2 
composite materials, which is supported extensively by TG-DTA, micro-Raman, FT-IR, PL, 
XPS, BET surface area analysis and electron microscopy in scanning and transmission 
modes.  
 
6.3.1.1 Thermo-gravimetric & Differential Thermal (TG-DTA) Analysis 
In order to confirm the thermal stability of CuO:Cu2O/SnO2 nanocomposite in equimole 
ratio, TG-DTA analysis was undertaken. Figure 6.2 clearly shows three step decomposition 
of the sensitive material. The first strong peak in the 35-150oC region with weight loss of 5% 
has been attributed to removal of surface adsorbed water and corresponds to endothermic 
peak at a temperature 43.38oC in DTA spectra.10 The second weight loss in the range 168-
350oC is due to thermal decomposition of CuAc2.H2O. During this process, there is a weight 
loss of 4%. This thermal decomposition in air can be summarized in three main steps which 
are well documented in literature.11 CuAc2.H2O dehydrates around 168oC; CuAc2 
decomposes to initial solid and volatile products at 168-302oC; the initial solid products Cu 
and Cu2O are oxidized to CuO in air at 302-500oC. The copper acetate peroxides are found to 
form in the range 35-150oC, and the dehydration of these peroxides results in the presence of 
CuAc2.H2O above 168oC. In the range 200-500oC, weight loss of 5% was observed which 
can be attributed to the desorption of O- and O2- during the dehydration process 
corresponding to the conversion of tin hydroxide to tin oxide as well as progressive 
crystallization, and also charring of residual glucose agreeing well with earlier report.10 Here 
SnO2 matrix is impregnated with CuO:Cu2O using hydrothermal route and it anticipated that 
similar pathway would have taken place during the synthesis but at much lower 
temperatures.11 Thus hinting at the formation of CuO:Cu2O/SnO2 hybrid heterostructures. 
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 Figure 6.2: TG-DTA trace under air atmosphere of CuO:Cu2O/SnO2 nanocomposite in equimole 
ratio (CS-1:1) synthesized via hydrothermal route at 180oC for 3 h. 
6.3.1.2 X-ray diffraction (XRD) Analysis 
The X-ray diffractograms of the as synthesized pure SnO2 and its composites with 
different mole ratios of copper oxides (CuO:Cu2O) are presented in Figure 6.3. Peaks 
observed in Figure 6.3a, confirms that the synthesized material is SnO2 with tetragonal 
cassiterite crystal structure (space group: P42/mmm, JCPDS card no. 21-1250). The XRD 
patterns as shown in Figure 6.3b-e correspond to copper oxides in SnO2 matrix to form 
composites in various mole ratios. The data confirmed that copper oxides impregnation did 
not significantly alter the structure of the individual oxides. As seen in Figure 6.3b, CS-1:8 
nanocomposites does not show any copper oxide peaks. This could be either due to very low 
content, adherence to SnO2 or the amorphous nature of copper oxide species that may have 
been dispersed uniformly inside the SnO2 nanospheres.12 Beyond mole ratio of 1:8, the 
presence of copper oxides peaks becomes discernible. The XRD pattern of CS-1:1 as seen in 
Figure 6.3e, showed peaks corresponding to cassiterite SnO2 and cubic structured Cu2O 
(space group: P42/mmm, JCPDS card no. 21-1250 and space group: Pn3�m (224), JCPDS 
card no. 77-0199 respectively). This suggests that Cu2O and SnO2 coexist in the 
nanocomposite as independent phases. The broad nature of the SnO2 peaks observed here can 
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be ascribed to the nanocrystallite nature of the constituent particles.10 The average crystallite 
size was 4.5 nm for pure SnO2 and that for the CuO:Cu2O/SnO2 was about 5.7 nm, calculated 
by taking the average after applying the Scherrer equation to the major diffraction peaks in 
the XRD pattern.13  Slight shift (~0.8 o) in (101) peak position towards higher 2ϴ value is 
observed in the pattern of Cu2O/SnO2 nanocomposites compared to pure SnO2 that can be 
attributed to increase in oxygen vacancies,14 residual stresses or lattice contraction induced by 
defects or the presence of secondary species in the material.13 Existence of such defects in 
nanocomposite is encouraging since, it has been reported extensively that sensing mechanism 
is predominantly dependent on defects like oxygen vacancies and oxygen interstitials, in 
addition to other factors such as phase purity, nature of dopant, method of synthesis, shape, 
particle size, morphology and surface area.15 X-ray diffractograms evinced absence of peaks 
due to any other Cu or Sn phase indicating that nanocomposites synthesized here are 
composed of SnO2 and Cu2O only.  
   
Figure 6.3: Representative stacked plot of X-ray diffraction patterns of as-synthesized (a) porous 
SnO2 nanospheres, SnO2 decorated with copper oxides to form nanocomposite in various mole ratios 
(b) CS-1:8, (c) CS-1:4, (d) CS-1:2 and (e) CS-1:1. 
Figure 6.4 illustrates the increased amount of cupric acetate amount during hydrothermal 
route on SnO2. The XRD pattern of composites CS-1.5:1 and CS-2:1 revealed increased 
amount of metastable phases and solid solution of Cu and Sn. From Figure 6.5, it is worth 
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mentioning here that the copper oxide phases became dominant in the nanocomposite with 
increase in cupric (II) acetate monohydrate content. Interestingly from Figure 6.5, it can be 
observed that when only cupric (II) acetate monohydrate was independently treated 
hydrothermally at 180oC for 3 h, a mixed phase of copper oxides (CuO:Cu2O) was obtained. 
As synthesized material was confirmed to be CuO with monoclinic tenorite crystal structure 
(space group: C2/c (15), JCPDS card no. 80-0076) with Cu2O in minor quantity. This 
observation suggests that the cupric (II) acetate monohydrate decomposition follows the 
conversion to Cu2O and subsequently transforms to CuO.16,17  Here we anticipated presence 
of copper oxides in mixed phase with amorphous Cu2O in minor percentage.   
 
Figure 6.4: Powder X-ray diffractograms of CuO:Cu2O/SnO2 nanocomposites obtained at 180oC for 
3 h via hydrothermal route, (a) in 1.5:1 and (b) in 2:1 mole ratio. [SnO2 - Space group: P42/mmm, 
JCPDS card no. 21-1250, CuO - Space group: C2/c (15), JCPDS card no. 80-0076, Cu2O - Space 
group: Pn3�m (224), JCPDS card no. 77-0199 and Cu10Sn3 - Space group: P63 (173),                   
JCPDS card no. 65-2064].    
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 Figure 6.5: Powder X-ray diffraction of mixed phase copper oxide obtained at 180oC for 3 h via a 
hydrothermal route (Space group: C2/c (15), JCPDS card no. 80-0076).  
 
6.3.1.3 Raman Spectral Analysis 
The micro-Raman spectral analysis was used to confirm XRD and TG-DTA findings that p/n 
hetero-contact exists between CuO:Cu2O and SnO2. Figure 6.6(i) show the room-temperature 
micro-Raman spectrum of pure SnO2 nanospheres belonging to the space group𝐷4ℎ14 . Three 
fundamental peaks observed at 439, 618 and 772 cm-1 corresponds to the Eg  and two normal 
phonon modes A1g and B2g  related to the expansion and contraction vibration mode of Sn-O 
bonds commonly found in bulk single or polycrystalline SnO2 respectively18,19. These peak 
positions further confirm the structure in tetragonal rutile form. Furthermore, to these 
classical vibration modes, Raman scattering peak at 569 cm-1 can be assigned to surface 
defects of SnO2, and is attributed to the surface phonon mode. This phenomenon is assumed 
to be related to microstructure of SnO2 nanospheres where particle size is observed to be in 
nanoscale region20,21. Similar peak shifts have been reported in case of SnO/SnO2 
nanocomposites21, SnO2 nanorods22 and nanoparticles23. Trace (ii) in Figure 6.6 shows 
Raman spectrum of CuO:Cu2O/SnO2 nanocomposites in 1:1 mole ratio. The major portion of 
peak at 638 cm-1 can be readily attributed to infrared allowed mode of Cu2O24-27, while the 
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low intensity Raman peaks at 277 and 345 cm-1 belong to CuO phase and are consistent with 
spectra reported in literature28-30. CuO:Cu2O/SnO2 nanocomposite in addition to SnO2 is 
composed of both CuO and Cu2O nanoparticles, hence it is anticipated that the surface as 
well as interface atoms will be in disordered states. Therefore some of the vibrational modes 
show reduced Raman intensity for example, visibly blue shifted peak at 549 cm-1 pertaining 
to impregnation of copper oxides in SnO2 for the sample with equimole ratio30. 
 
Figure 6.6: Stacked micro-Raman spectra of (i) Pure SnO2 nanospheres and (ii) CS-1:1 composite 
obtained at 180oC for 3 h via hydrothermal route depicting characteristic modes. 
6.3.1.4 Fourier Transform Infrared (FT-IR) Analysis 
Decoration of CuO:Cu2O over SnO2 matrix and formation of p/n heterocontacts was 
further substantiated with the FT-IR spectroscopy. The FT-IR spectrum recorded for as-
synthesized pure SnO2, mixed phase CuO:Cu2O and CS-1:1 composite is illustrated in 
Figure 6.7. Figure 6.7(i) showcases pure SnO2 spectrum that is in agreement with earlier 
report.10 Here, base matrix of sensitive material is SnO2 nanospheres which is synthesized 
using previously reported methodology.10 The strong peak at 3419 cm-1 in Figure 6.7(ii) is 
assigned to the stretching vibration of the O–H bond, υ(OH), which indicates the presence of 
hydroxyl ions due to the metal-OH layer. The characteristic bands observed at 487 cm-1 and 
587 cm-1 are due to monoclinic phase, can be assigned to the Au mode and Bu mode of CuO. 
The high-frequency mode at 487 cm-1 can be assigned to the Cu-O stretching vibration along 
153 
 
the [101] direction. Furthermore, the weak peak at 1019 cm-1 is ascribed to δ(OH).31-35 The 
broad absorption bands between 1300 and 2000 cm-1 are mainly ascribed to the chemisorbed 
and/or physisorbed H2O and CO2 molecules on the surface of nanostructured hierarchical 
crystals of copper oxide. Also the presence of broad absorption peak in the range 605-
670 cm-1 corresponding to the infrared active mode of Cu2O conﬁrms that the synthesized 
product is mixed phase of copper oxide,36-38 which is in good agreement with X-ray 
diffractograms (see Figure 6.3-6.5). Figure 6.7(iii) confirms nanocomposite formation as 
bands pertaining to both CuO:Cu2O and SnO2 are present, hence validating the presence of 
only these materials in the nanocomposite. The FT-IR data validates the presence of mixed 
phase copper oxides and that CuO:Cu2O/SnO2 nanocomposite with specific stoichiometry 
which is in perfect agreement with micro-Raman results (see Figure 6.6). 
 
Figure 6.7: mid-FTIR spectra of as-synthesized (i) pure SnO2 nanospheres, (ii) mixed phase copper 
oxide and (iii) CS-1:1. 
6.3.1.5 Photoluminescence (PL) Analysis 
A comparative room temperature photoluminescence spectrum of pure SnO2 and CS-1:1 
nanocomposite is shown in Figure 6.8 with the excitation wavelength at 350 nm. The peak 
positions observed from PL spectrum gives information about interface, identification of 
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surface defects and a correlation of fluorescence/phosphorescence activities.39-40 Trace of 
pure SnO2 depicts a peak position at 391 nm (3.17 eV) which can be attributed to the 
characteristic band-band PL phenomenon associated with photogenerated charge carriers and 
is consistent with earlier reports observed in case of SnO2 nanostructures40.The strong 
luminescence band in the range 554-676 nm might be related to crystal defects and residual 
stresses that have appeared during the growth41. One weak emission band centered at 720 nm 
(1.72 eV) belongs to red emission band. In accordance with earlier hypothesis yellow, orange 
and red emissions are attributed to oxygen vacancies and luminescent centres formed by tin 
interstitials thus indicating presence of several sub states related to the involving defect 
centres. Additionally, the blue-green and yellow emission regions are due to singly and 
doubly charged oxygen vacancies in depletion region of n-type semiconductor metal oxide.42-
46 PL trace of CS-1:1 shows characteristic bands of SnO2 as well as copper oxides. 
Luminescence band at 389 nm (3.18 eV) showed decreased intensity and as mentioned above 
belongs to SnO2. The emissions at 519 nm (2.4 eV) and 753 nm (1.64 eV) matches the 
bandgap of Cu2O and CuO nanostructures respectively and are thereby attributed to near 
band-edge transitions from free or bound exciton recombination. 
 
Figure 6.8:  Photoluminescence spectrum of pure SnO2 and CS-1:1 composite excited at 350 nm 
(* represents peak due to Xenon lamp). 
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6.3.1.6 Barrett-Joyner-Halenda (BJH) & Brunauer-Emmett-Teller (BET) Analysis 
Surface area and pore size of the CuO:Cu2O/SnO2 nanocomposite  was evaluated using 
BJH and BET analysis. Figure 6.9 reveals that the N2 adsorption-desorption of 
CuO:Cu2O/SnO2 nanocomposite in 1:1 mole ratio is of type IV with H4 hysteresis loop. The 
BET surface area of the nanocomposite calculated from the linear region of the multipoint 
plot was found to be 81.61 m2.g-1. Average pore size from BJH desorption pore size 
distribution (Insert Figure 6.9) was observed to be 4.55 nm. These values are low compared 
to the ones reported in literature for pure SnO2 nanospheres10 and could be attributed to 
impregnation of copper oxides into SnO2 matrix. 
 
 
Figure 6.9: N2 adsorption–desorption Barret-Joyner-Halenda (BJH) isotherms of CS-1:1 
nanocomposite. Insert: Corresponding BJH pore size distributions. 
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6.3.1.7. X-ray Photo-electron spectroscopy (XPS) Analysis 
X-ray photoemission spectroscopy was used to attest phase purity and confirm the 
oxidation states of the constituent oxides of the CS-1:1. Figure 6.10a is the survey spectrum 
of CuO:Cu2O/SnO2 nanocomposite and revealed peaks only from Sn, Cu and O. Figure 6.10b 
and Figure 6.10c illustrates the core level XPS spectra of the Sn and Cu. The Sn 3d level 
shows peaks at 486 eV and 494 eV (Figure 6.10b), which can be assigned to 3d5/2 and 3d3/2 
respectively , confirming the presence of Sn+4  in SnO2, which is in agreement with the XRD 
results (Figure 6.3).47-48 The spin orbital splitting energy of 8.6 eV is in agreement with 
reported values.49 Deconvolution of Cu 2p core level spectrum of copper at 932 eV 
(Figure 6.10c) resulted in two peaks, where peak at 932 and 934 eV confirmed presence of 
Cu in +1 and +2 state respectively.16,17 Cu 2p XPS spectrum represented by the characteristic 
2p3/2 and 2p1/2 peaks centered at 934 eV and 953 eV respectively indicated presence of Cu in 
+2 oxidation state.50 Further, the existence of the two shake-up satellite peaks, one in the 
range 938-947 eV (which could be deconvoluted into two Gaussian peaks centered at 941 and 
943 eV) and the other at 961.88 eV in the spectra also reiterates the chemical state of copper 
in nanocomposite as Cu2+ (CuO).51 As suggested by Liu et al,17 XPS being a surface 
characterization technique and hence capable of detecting species within shallow depths. The 
reason why the CuO could not be detected in XRD pattern could be due to low concentration 
and/or amorphous nature that too in the interior of the heterostructure. In addition, oxidation 
of Cu2O to CuO during XPS analysis and experimental conditions has been widely 
reported.17,52-53 However, it is anticipated that the small CuO content in the synthesized 
nanocomposite material will facilitate in CO2 sensing phenomenon.54-57  
In the Figure 6.10d, the deconvolution of O 1s core level XPS spectrum of oxygen, 
represented by a broad asymmetric peak resulted into four peaks centered at 529, 530, 
531 and 532 eV. The peak at 529 eV can be assigned to lattice oxygen in the Cu2O.58 The 
peak centered at 530 eV is due to lattice oxygen in SnO2 (i.e. Sn-O-Sn) which is in good 
agreement with XRD data as discussed in preceding section.59-60 The higher energy peak at 
531 eV could be attributed to the oxygen species such as O2- or O- ions present within the 
matrix of Cu2O/SnO2 nanocomposite,61-62 and the peak at 532 eV can be assigned to adsorbed 
hydroxyl species.59-64   
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Figure 6.10: X-ray photoelectron spectra of CS-1:1 nanocomposite where, (a) survey spectrum,       
(b) Sn 3d, (c) Cu 2p  and (d) O 1s. 
 
6.3.1.8 Morphological Evaluation of CuO:Cu2O/SnO2 nanocomposite 
Highly monodispersed pure SnO2 nanospheres with average size around 50±5 nm are 
illustrated in Figure 6.11, where each nanosphere equals to few hundred primary 
nanoparticles of around 4 nm in diameter. This observation is in agreement with the previous 
report on SnO2 nanospheres synthesis.10  
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 Figure 6.11: FE-SEM micrograph of pure SnO2 nanospheres. 
Particle size and specific morphology of as-synthesized CS-1:1 nanocomposite were 
examined by TEM, FE-SEM and HR-TEM. Figure 6.12a-c shows the representative TEM 
and FE-SEM images of the nanocomposite. It can be observed that highly dispersed 
nanospheres with near uniformity size around 60±5 nm. Figure 6.12d and Figure 6.12e are 
the high magnification TEM images, which clearly reveals that each nanosphere is composed 
of primary nanoparticles around 2-6 nm in size. Morphology of CuO:Cu2O/SnO2 
nanocomposite is identical to pure SnO2, thereby implying that the copper oxides inclusion 
does not alter the morphology of the composite. Figure 6.12f is a HR-TEM image showing 
the lattice fringes belonging to two different interplanar distances of 0.240 and 0.355 nm, 
which could be assigned to (111) plane of Cu2O and (110) plane of SnO2 respectively, which 
is in agreement with X-ray diffractograms (as shown in Figure 6.3).25,17,57 HR-TEM 
characterization further confirmed the micro-Raman, PL and XPS results about the formation 
of p/n heterojunction at the interface between Cu2O and SnO2, in addition to establishing 
efficient assimilation of copper oxides particles into the SnO2 nanospheres. It was difficult to 
completely distinguish between CuO and Cu2O lattice fringes as the majority of lattice d-
spacing of the metal oxides overlap with each other.  
159 
 
 Figure 6.12: Structural evaluation was carried out using TEM, FE-SEM and HR-TEM of CS-1:1 
nanocomposite, (a-b) representative TEM and FE-SEM micrographs demonstrates nearly 
monodispersed nanospheres, (c) low magnification image, (d-e) high magnification TEM 
micrographs revealing hierarchical heterostructures and (f) HR-TEM image. 
The typical FE-SEM micrograph showcasing the area over which elemental mapping was 
effectuated is shown in Figure 6.13a. Figure 6.13b-e shows the elemental mapping of CS-1:1 
nanocomposite thereby revealing uniform distribution of the three elements (Sn, Cu and O) 
throughout the sample. In Figure 6.13f, quantitative elemental analysis of the nanocomposite 
displayed non-stoichiometric ratio and showed Cu and Sn content as 7.85% and 12.33%, 
respectively. Similarly, the EDS data of the 0.5:1 mole ratio composite showed Cu and Sn 
content as 4.95% and 13.14%, though lower but much closer to calculated stoichiometry as 
shown in Figure 6.14.  
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  Figure 6.13: (a) Electron micrograph evincing true area used for elemental quantification of CS-1:1, 
(b) EDS layered image, elemental maps revealing uniform presence of (c) tin (Sn), (d) copper (Cu), 
(e) oxygen (O) throughout the sample, (f) EDS analysis. 
Further, these observations are reflected in X-ray diffractograms (Figure 6.3) where the 
diffraction peaks due to Cu2O are of much lesser intensity than the SnO2 peaks even for the 
nanocomposite synthesized in equimole ratio. This discrepancy in theoretically estimated 
stoichiometry and the analytical data of as synthesized samples can be justified by a simple 
explanation. When starting with pure SnO2 nanospheres and followed by incorporation of 
increasing mole percentages of Cu2O, it can be assumed that at the low concentrations Cu2O 
particles would be getting assimilated into the nanospheres and hence are not reflected in the 
XRD pattern. However, at high concentrations the assimilating ability decreases, primarily 
attributed to spatial considerations such as pore size and hollow nature of nanospheres. The 
excess Cu2O which does not get incorporated into the SnO2 matrix would be removed during 
the composite synthesis process. This leads to heterogeneous distribution and hence 
incongruence of Cu2O concentration estimated from EDS imaging compared to theoretical 
estimates. But for the sake of convenience, throughout the study, the nomenclature used for 
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the material identification in theoretical estimates would be maintained for all the as-
synthesized samples. 
 
 
 
Figure 6.14: Elemental quantification of CuO:Cu2O/SnO2 in 1:2 mole ratio (CS-1:2). 
CuO:Cu2O/SnO2 nanocomposites were synthesized in 1.5:1 and 2:1 mole ratio (CS-1.5:1 
and CS-2:1) to observe sensor response saturation limit with respect to CO2 sensing 
application. From Figure 6.15 and Figure 6.16, upon increasing the copper oxides content in 
composite 1.5 and 2 (i.e. >1), it was observed that copper oxides behaved as structure 
directing agent (as shown in Figure 6.15a and Figure 6.16a). From Figure 6.15b and 
Figure 6.16b, it was observed that CuO:Cu2O/SnO2 nanospheres assembled together to from 
tertiary structure i.e. compact spheres in size range 1-3 μm. Figure 6.15c and Figure 6.16c are 
the high magnification images that reveal dendrite spine structure of copper oxides holding 
together CuO:Cu2O/SnO2 nanocomposite.  
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 Figure 6.15: (a-c) Representative FE-SEM micrographs of CS-1.5:1 nanocomposite 
 
Figure 6.16: (a-c) Representative FE-SEM micrographs of CS-2:1 nanocomposite.  
 
Micrographs in transmission mode when only cupric (II) acetate monohydrate was 
independently treated hydrothermally at 180oC for 3 h are illustrated in Figure 6.17. The low 
magnification image reveals fractal like flowery architectures with a strongly identifiable 
stem that can be seen in Figure 6.17a-b. Figure 6.17c-d are the high magnification images 
further revealing that rhombohedral cross-sectioned rods with nearly microns in length 
assemble together to form fractal pattern. 
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 Figure 6.17: Electron micrographs revealing hierarchical nature of copper oxides (CuO:Cu2O).  
Many previous reports have shown that the strategy of combining porous structures and 
catalytic activity tends to enhance sensor performances.8,10,21,49 Use of noble metal in MOS 
based chemo-resistive sensor is gas specific, for example Au has affinity towards carbon 
monoxide49 and Pd has towards hydrogen gas.10 Likewise, Herran et al showed that silver 
(Ag) plays important role in CO2 based gas sensors.8 This is primarily due to ability of silver 
to catalyse copper oxide carbonation reaction, thereby enhancing the sensor response as will 
be discussed in succeeding section. Silver in an increased amount (~5 wt.%) were decorated 
on porous CuO:Cu2O/SnO2  matrix by simple solution technique described in detail in the 
previous section (experimental section 6.2.4 and Figure 6.1) to identify its morphology. 
Figure 6.18 illustrates dispersion of silver nanoflakes on porous CuO:Cu2O/SnO2 
nanocomposite. As marked by the arrows, the silver nanoflakes supported on porous structure 
can be easily identified owing to their dark contrast against nanocomposite matrix. This was 
further confirmed from TEM images of pure SnO2 and CS-1:1 nanocomposite, which showed 
no such structures with dark contrast (as shown in Figure 6.10 and Figure 6.11). Overall, 
from the XRD, FE-SEM, HR-TEM, EDS, XPS, FTIR, micro-Raman and PL analyses 
supported extensively by electron micrographs, we can conclude that the as-synthesized 
CuO:Cu2O/SnO2 nanocomposite was confirmed to be hierarchical heterostructure consisting 
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of Cu2O and SnO2 with CuO in small percentages forming well defined intimate p/n 
interfaces.    
 
Figure 6.18:  High magnification TEM micrographs revealing silver (5 wt.%) dispersion on the       
CS-1:1 nanocomposite. Red arrows points Ag nanoflakes on the composite. 
 
6.3.2 Chemo-resistive CO2 Gas Sensing Performance 
Here gas sensing performance of pure SnO2, CuO:Cu2O/SnO2 and Ag@CuO:Cu2O/SnO2 
nanocomposite was methodically studied to bring out the influence of porosity, 
nanostructuring of the sensitive layer and finally the role of additives (Ag and p-type 
CuO:Cu2O) in imparting CO2 selectivity. Improved sensing performance shown by the 
proposed Ag@CuO:Cu2O/SnO2 nanocomposite towards CO2 gas in terms of sensitivity, 
long-term stability, response and recovery times are detailed in this section. The sensor 
element fabrication, sensor set-up and test patterns employed in this work to investigate 
sensing parameters are detailed in section 3.4 (Chapter 3). 
 
6.3.2.1 Sensor Response Characteristics 
The gas sensing studies involved measuring the resistance of SnO2 nanospheres, CuO 
nanorods and SnO2 decorated with different ratios of Ag@CuO towards gas concentration in 
the 100-10000 ppm balanced in air. Figure 6.19a illustrates sensor response as a function of 
operating temperature for various sensors tested. Controls samples SnO2 and CuO showed 
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low response (<0.5%) towards 1000 ppm CO2 gas for the tested operating temperature range. 
However, with an increase in CuO loading, the CuO/SnO2 nanocomposite showed significant 
improved response of 37% at 300°C for equimole ratio compared to other tested sensors. 
Beyond 300°C, sensor response decreased steadily in the case of each the nanocomposites. 
Saturation in sensor response was observed for nanocomposites for CuO loading in mole 
ratio above unity (for CS-1.5:1 and CS-2:1), suggesting that this is the optimum composition. 
Figure 6.19b shows the response profiles of CS-1:1 as a function of operating temperature for 
different gas concentrations. Steady increase in sensor response was observed with increase 
in CO2 gas concentration, with a sensor response of ~37% towards 1000 ppm, with maximum 
of 48% for 10000 ppm CO2 gas at 300oC.  
 
  
 
Figure 6.19: Sensor response characteristics of (a) control and SnO2 samples with different CuO 
composition ratios when tested towards 1000 ppm CO2 gas and (b) CS-1:1 composite as a function of 
operating temperature towards different CO2 gas concentrations. 
 
Figure 6.20a shows the sensor response of CS-1:1 as a function of operating temperature 
for different weight percentages (wt.%) of Ag towards 1000 ppm CO2 gas. Sensor response 
increased with increase in Ag up to 1 wt.%, thereafter it decreased steadily. The maximum 
value of 44% towards 1000 ppm gas concentration at 300°C was observed for 1 wt%Ag-CS-
1:1 nanocomposite. With further increase in Ag weight percentage, sensor response 
decreased, establishing this as optimum additive concentration. Figure 6.20b illustrates the 
sensor response versus CO2 gas concentration plot for control samples and nanocomposites 
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comprising of different ratios of Ag@CuO:Cu2O decorated over SnO2. The calibration curve 
shows the linear dependence of sensor response on CO2 gas concentration in the 100-
1000 ppm range.   
 
 
 
 
 
 
 
 
 
 
Figure 6.20: Sensor response characteristics of (a) CS-1:1 composite as a function of operating 
temperature for different weight percentages of Ag towards 1000 ppm CO2 gas and (b) control and 
SnO2 samples with different CuO composition ratios as a function of CO2 gas concentration at 300oC. 
 
The dynamic transients for CS-1:1 and 1 wt%Ag-CS-1:1 at an operating temperature of 
300oC is demonstrated in Figure 6.21a. The cycles corresponding to different concentrations 
of CO2 gas were recorded sequentially ranging from 100 to 1000 ppm. Over this gas 
concentration range, Ag-impregnated CuO:Cu2O/SnO2 nanocomposite showed enhanced 
response magnitude compared to the nanocomposite without Ag. From Figure 6.21b, the 
response and recovery times for 1 wt%Ag-CS-1:1 were found to be 54 and 208 s and for CS-
1:1 were 60 and 220 s respectively towards 1000 ppm CO2 gas concentration.  
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 Figure 6.21: (a) Dynamic profiles upon exposure to different CO2 gas concentrations and (b) 
response and recovery transient curves towards 1000 ppm CO2 gas at 300oC. 
Table 6.1: Sensor characteristics as a function of CO2 gas concentration for CuO:Cu2O/SnO2 in 1:1 
mole ratio (CS-1:1) calculated from the data presented in Figures 6.21a. 
 100 ppm 300 ppm 500ppm 700ppm 1000ppm 
Response (s) 130 118 105 86 60 
Recovery (s) 155 176 192 205 220 
Sensor response (%) 9.8 14.8 23.7 31.2 37.4 
 
Table 6.2: Sensor characteristics as a function CO2 gas concentration for CuO:Cu2O/SnO2 in 1:1 
mole ratio decorated with Ag in 1 wt.%(1 wt.%Ag-CS-1:1) calculated from the data presented in 
Figures 6.21a. 
 100 ppm 300 ppm 500ppm 700ppm 1000ppm 
Response (s) 115 95 82 68 54 
Recovery (s) 145 164 180 196 208 
Sensor Response (%) 21.2 26 31 36.4 43.6 
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The effects of various interferring gases such as SO2, NO2, NO and CO with 1000 ppm 
concentration balanced with air at 300°C were confirmed with the nanocomposites with 
reference to control samples (Figure 6.22a). Pure SnO2 and CuO did not show any significant 
response to the specific analyte gases. Further, the results revealed that 1 wt%.Ag-CS-1:1 
exhibited nearly same CO2 selective sensing characteristics compared to the nanocomposite 
without Ag. From cross-sensitivity studies, CS-1:1 nanocomposite with and without Ag 
showed sensitivity towards CO. The considerable resistance change brought here can be 
attributed to CO2 formed by oxidation of CO upon interaction with a sensitive layer, as the 
CS-1:1 is inherently selective towards CO2 gas. The long-term stability and repeatability of 
the composite gas sensors were tested towards CO2 gas over a period of 60 days 
(Figure 6.22b). Both sensors exhibited optimal reproducibility in their sensing performance 
with a nearly constant response magnitude towards 1000 ppm gas concentration at 300oC.  
   
Figure 6.22: (a) Cross sensitivity test in presence of various oxidizing gases with concentration of 
each gas being 1000 ppm balanced in air and (b) long-term stability and repeatability performance 
measured over 600 data points calculated from the sensors response when exposed to 1000 ppm of 
CO2 gas concentration at 300oC. 
 
The statistical characteristics of Ag@CuO:Cu2O/SnO2 based chemo-resistive sensor were 
determined from the data demonstrated in Figure 6.20-6.21 are summarized in Table 6.1. The 
methods to determine these performance parameters were the same as those used in are 
Chapter 5 (Section 5.3.3). It was observed that for nearly 600 data points collected (10 cycles 
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per days measured continuously for 60 days), the 1 wt%.Ag-CS-1:1 had higher repeatability, 
accuracy and better recovery than the CS-1:1 sensor, which was demonstrated graphically in 
Figure 6.22b. The sensor response as a function of CO2 gas concentration with standard 
deviation (±σ) is presented in Figure 6.23. 
 
Figure 6.23: Sensor response versus CO2 gas concentration fitted with standard deviation (±σ) as 
error bar measured at 300oC. 
 
Table 6.3: Sensor characteristics calculated from the data presented in Figures 6.20-6.21 (The 600 
data points are calculated from the sensors response when exposed to 1000 ppm of CO2 gas 
concentration at 300oC).  
Sensor Characteristics  CS-1:1 1%Ag-CS-1:1 
Recovery (%) 92 97 
Repeatability (%) ~97.8 ~98 
Accuracy (Contingency- ±20%) ~78 ~82 
Average Error (Measured from ±σ) 0.81 0.87 
Coefficient of Variance (CoV, %) ~2.2 ~2 
Coefficient of Determination (R2)  ~0.9973 ~0.9996 
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6.3.2.2 Plausible Sensing Mechanism Discussion 
In order to substantiate the claim that formation of p/n heterojunction enhances the oxygen 
adsorption which is directly proportional to sensitivity, in-situ UV-DRS analysis was 
employed. Briefly, 4 mg of p/n composite powder was grounded with 4 g of KBr and pressed 
into thick pellets followed by vacuum drying for 30 min. The pellet was heated in a vacuum 
furnace at a constant temperature of 300oC for 30 min. Thereafter, the hot pellet was 
continuously exposed with carbon dioxide gas followed by recording the spectra. Figure 6.24 
illustrates the spectra recorded before and after passing CO2 gas. A broad hump was observed 
in the region 400-600 nm for spectra recorded immediately after passing the gas. The broad 
hump is associated with formation of oxygen defects that follows a gas sensing phenomenon 
as anticipated14 which is in line with PL results. Existence of such defects in nanocomposite 
is in line with XRD, micro-Raman and PL analyses. It has been reported extensively that 
sensing mechanism is predominantly dependent on defects like oxygen vacancies and oxygen 
interstitials, in addition to other factors such as phase purity, method of synthesis, shape, 
particle size, morphology and surface area.  
 
Figure 6.24 Representative in-situ UV-diffuse reflectance spectra of CuO:Cu2O/SnO2 nanocomposite 
decorated with Ag in 1 wt.% (1 wt.%Ag-CS-1:1). 
Based on the materials characterization and sensing performance, it is conclusively proved 
that the nanocomposite formed between Ag and CuO:Cu2O/SnO2 leads to an improved 
response for CO2 sensing. Ag definitely has a role in further improving the sensitivity and 
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selectivity towards CO2 in comparison to other interfering gases. Based on the observation 
and supported by the data, the following probable mechanism can be proposed to explain the 
performance. In general, the sensitivity of metal-oxide semiconductor strongly depends on 
the amount of oxygen species adsorbed on its surface. When the semiconductor is exposed to 
air, oxygen molecules in the air get chemisorbed on its surface by trapping electrons from its 
conduction band.65 These adsorbed oxygen species induce an electron depletion region in the 
semiconductor thereby reducing the carrier concentration. The dispersion of noble metal on 
the surface favours the formation of depletion region due to potential change at the junction 
between the metal and the semiconductor. The electronic configuration of each of the 
constituents n-type SnO2, p-type CuO and metallic Ag, have a part to play leading to an 
observed increase in sensor response. Two independent analogues can be described here. One 
is the depletion region formed between the n-type SnO2 and p-type CuO:Cu2O and second is 
the metal semiconductor contact between Ag and n-type SnO2. These are well reported 
phenomena’s and described extensively by previous researchers based on their work 
comprising BaSnO3, ZnGa2O4, and SnO2.66-68 This chapter clearly demonstrates that the gas 
sensing performance of SnO2 is effectively improved by forming a p/n junction with 
CuO@Cu2O and by Ag impregnation. Physically, the SnO2 nanospheres are composed of 
numerous nanoparticles (Figure 6.11) characterized by loose and porous structure in 
comparison to the conventional tightly compacted particle ﬁlms and close hollow spheres. 
The porous structure of nanospheres favours the diffusion and transport of gas analyte in and 
out of the sensing layer and makes both the outer and inner surfaces of SnO2 spheres 
accessible to analyte.10 Also for the porous nanospheres, the adsorption-desorption process is 
probably quickened due to the enhanced gas diffusion and the increased response because of 
the formation of conjugated electron depletion layers on both the outer and inner surfaces. 
Another performance controlling phenomenon is due to Ag which plays a catalytic role in 
this sensing mechanism. It is well known that Ag nanoparticles have been widely employed 
for CO2 gas sensor owing to its exceptional catalytic activity. Impregnating the composite 
with Ag nanoparticles promotes adsorption and activation of surface oxygen due to spill over 
effect.69-71 
 
 
 
172 
 
6.4 SUMMARY AND CONCLUSIONS 
This study exemplifies the simplistic nature of p/n nanocomposite synthesized by a 
convenient chemical modification. The nanoarchitectures not only retained the original 
hierarchical structure but also exhibited improved sensor response towards CO2 gas, thus 
presenting a convenient method to achieve functional materials. Briefly, CuO:Cu2O/SnO2 
mixed metal oxides were synthesized via hydrothermal route by appropriate variation of the 
pure SnO2 nanospheres and cupric acetate monohydrate as starting precursors and 
embellished with Ag nanoparticles by solution impregnation technique. The physicochemical 
properties were investigated using various characterization techniques and the results can be 
briefly summarized in following points: 
• The XRD pattern of CuO:Cu2O/SnO2 nanocomposite in equimole ratio showed peaks 
corresponding to cassiterite SnO2 and cubic structured Cu2O, suggesting that 
coexistence of these in the nanocomposite as independent phases. XPS studies 
confirmed the oxidation states of tin and copper as Sn4+ (SnO2), Cu+ (Cu2O) and Cu2+ 
(CuO).  
• From XRD, TG-DTA, FT-IR and XPS, it was confirmed that the cupric (II) acetate 
monohydrate decomposition follows the conversion to Cu2O and subsequently 
transforms to CuO in minor percentage. 
• Surface morphology and elemental mapping of the nanocomposite by HR-TEM, FE-
SEM and EDS revealed that the morphology of the SnO2 remained intact in the 
nanocomposites even after impregnation with CuO:Cu2O and Ag.  
• TEM and FE-SEM images of the nanocomposite showed nearly monodispersed 
nanospheres with size around 60±5 nm where each nanosphere is composed of 
primary nanoparticles around 2-6 nm in size. 
• The CS-1:1 nanocomposite exhibited optimal recovery (92%), repeatability (98%) 
and accuracy (78%) with a CoV of 2.2%, whereas 1 wt.%Ag-CS-1:1 showed 
improved recovery (97%), repeatability (98%) and accuracy (82%) with CoV of 2%. 
• The long-term repeatability and stability of the 1wt.%Ag-CS-1:1 and CS-1:1 
nanocomposite towards CO2 gas was followed by measuring the sensor response over 
the period of 60 days with 10 cycles per day (600 data points). Both sensors exhibited 
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good reproducibility in their sensing performance with a nearly constant response was 
observed towards 1000 ppm gas concentration at 300oC. 
Improved sensitivity of the composite was attributed to the creation of oxygen vacancies and 
defects which was validated from in-situ UV-DRS studies, the formation of p/n 
heterojunction between CuO and SnO2, porous structure of SnO2 nanospheres and to its 
crystallinity. All these factors enhance the number of reactive sites and hence the surface 
reactions of the composite with CO2 gas, consequently enhancing the sensitivity. The results 
showcased here are far better compared to the ones in previous chapter where CuO/ZnO was 
tested towards CO2 gas at an operating temperature of 300oC. Thus, it can be well assured 
that the 1wt.%Ag-CS-1:1 nanocomposites with improved sensitivity have high potential in 
carbon dioxide sensor application. Next chapter further discusses about n-type BaTiO3/p-type 
CuO, detailing the progress achieved in the quest to find novel composites that can detect 
CO2 presence at lower ppm level (~700 ppm) at an operating temperature of 120oC 
(see Chapter 7). 
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Chapter 7 
Investigating Ag@CuO/BaTiO3 Nanocomposites 
and their Ultra-Sensitive CO2 Gas Sensing 
Performance  
 
 
This chapter details synthesis of BaTiO3 followed by decoration with controlled amounts of 
CuO by a facile chemical route to form CuO/BaTiO3 composites. To enhance their sensing 
performance towards CO2 gas, Ag impregnation was performed over the p-type CuO/n-type 
BaTiO3 heterostructures before being employed as sensitive layers on a microsensor. Sensing 
mechanism of CuO/BaTiO3 nanocomposite was studied by in-situ DRIFTS technique to 
substantiate reaction of CO2 with the composite and to identify species participating in the 
sensing phenomenon.  
 
 
 
 
 
The work discussed in this chapter is published in: 
 
[1]. Shravanti Joshi, Samuel J Ippolito, Selvakannan R Periasamy, Ylias M Sabri and 
Manorama V Sunkara, Efficient Heterostructures of Ag@CuO/BaTiO3 for Low 
Temperature CO2 Gas Detection: Assessing the Role of Nanostructures during Sensing 
by Operando DRIFTS Technique, ACS Appl. Mater. Interfaces, 2017, 9(32), 27014–
27026. 
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7.1. INTRODUCTION  
In the previous chapter, the CO2 gas sensing performance of novel p/n type 
semiconducting nanocomposites consisting of CuO:Cu2O/SnO2 were tested. The 
CuO:Cu2O/SnO2 nanocomposite decorated with Ag in 1 wt.% showed improved response at a 
temperature of 300oC with a value of 43% towards 1000 ppm CO2 gas concentration, 
compared to pure SnO2 hierarchical nanospheres and pure CuO. For real-time sensing 
applications, the sensor should be highly stable and be able to detect lowest possible ppm 
levels (~100 ppm), which was not possible with CuO/ZnO and CuO/SnO2 nanocomposites. 
Further, in a bid to decrease the operating temperature (<300oC), further material 
modifications were deemed necessary to enhance the effectiveness of the sensitive layer. One 
of the feasible ways to achieve this is by replacing base matrix i.e. SnO2 with BaTiO3, a well-
liked n-type semiconductor having inherent ability to detect CO2 gas upon forming 
nanocomposite with CuO in optimum ratio.1  
Barium Titanate (BaTiO3) is a widely known for its thermal and phase stability and can be 
easily tailored to form exotic nanostructures. Being a ferroelectric and piezoelectric ceramic, 
BaTiO3 has a large bandgap of 3.3 eV at 300 K with a high carrier concentration of up to     
~7 × 1021 cm-3 and shows minimal lattice mismatch (<2%) with CuO, when compared to ZnO 
and SnO2 (see Chapter 2, Table 2.8). Additionally, it has been widely speculated that the 
electronic interaction upon formation of p/n heterojunction, leads to changes in work function 
in the presence of CO2 gas that forms the basis of the sensing mechanism.1-3 Ishihara et al.  
first reported on CO2 sensitivity of BaTiO3, wherein its selectivity was tuned by proper 
selection of p-type metal oxide additives and since then many researchers validated 
CuO/BaTiO3 as an excellent CO2 sensitive material.1-12 However, the downside to many of 
the reported cases are that they typically utilised complex synthesis routes involving high 
temperature sintering that are well known to result in the final material having a reduced 
surface area and oxygen defects, both of which are crucial for gas sensing applications. 
Furthermore, Herran et al. carried out structural analysis of BaTiO3-CuO thin films and 
substantiated by DRIFTS analysis that the presence of barium carbonate is responsible for the 
reaction in the sensing mechanism.9 Recently, Tanvir et al. reported work function read out 
studies on CuO as novel CO2 detection material and attributed its sensing mechanism 
primarily to the reversible reactions leading to formation of copper hydroxocarbonates.13 
Though, both the studies indicated an important altercation of knowledge, amid strong 
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contradiction, there still remains ample opportunities and challenges to probe the fundamental 
sensing mechanism via an operando technique and propose the chemical reaction pathway 
unambiguously. In addition, fabrication of ultrasensitive sensors based on p-CuO/n-metal 
oxide nanocomposites for low temperature CO2 detection to the best of our knowledge has 
met with limited success and is still a formidable task. The majority of CuO/BaTiO3 materials 
presented in the literature are based on tedious process involving sintering and various 
thick/thin film fabrication techniques.1-12 In the literature, there are no reports on CO2 
sensitivity of nanocomposite formed of prolated BaTiO3 spheroids with p-type CuO micro-
leaves. But interestingly, in this work a simple single one step hydrothermal route has been 
developed which yields prolated spheroids with unique characteristics. Phase pure BaTiO3 
spheroids were synthesized by an easily scalable hydrothermal route using Tween 80. This 
study is first to demonstrate the dual advantage of Tween 80, which not only acts as structure 
directing but also serves as carbonate formation inhibiting agent. Thereafter, the prolated 
BaTiO3 spheroids were decorated with CuO micro leaves using a facile co-precipitation 
route. The resulting CuO/BaTiO3 nanocomposites were functionalized Ag with an aim to 
enhance not only sensitivity but also to reduce the operating temperature of the developed 
CO2 sensor. 
 
7.2. MATERIALS AND METHODS 
This section details the chemicals and synthesis route employed to achieve the prolated 
BaTiO3 spheroids followed by its decoration with CuO microleaves by co-precipitation route 
to form CuO/BaTiO3 nanocomposites in various mole ratios. The CuO/BaTiO3 
nanocomposite in equimole ratio was incorporated with Ag in different weight percentages 
by a facile solution-impregnation technique. 
 
7.2.1 Chemicals 
Barium hydroxide octahydrate ((BaOH)2.8H2O), titanium dioxide (TiO2), Tween-80 
(C64H124O26), copper (II) acetate monohydrate (Cu(CO2CH3)2.H2O), poly(ethylene glycol) 
((H(OCH2CH2)nOH), Mn~900-2200), silver nitrate (AgNO3), sodium tetrahydridoborate 
(NaBH4) were purchased from Sigma-Aldrich Corp. Sodium hydroxide (NaOH) pellets were 
purchased from Finar Chemicals. All the chemicals were of analytical reagent (AR) grade 
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and used without any further purification. Throughout the experiments, Sartorius Stedim 
Biotech S.A (Model-Arium 61316) deionized water (18.2 MΩ.cm) was used. 
 
7.2.2 Preparation of BaTiO3 Spheroids  
Nanostructure formation process is primarily a kinetic and thermodynamic determined 
process. Hence, a series of experiments were carried out to identify the role of key reaction 
parameters such as effect of hydrothermal reaction time, temperature and concentration of 
Tween 80 on the nucleation and crystal growth of the BaTiO3 spheroids. The effect of these 
reaction parameters is described in detail in succeeding section (see section 7.3.1.3). In a 
typical synthesis procedure, wherein optimised reaction parameters were used, ca. 1.577 g 
(5 mmoles) of barium hydroxide octahydrate was dissolved in 30 ml of deionized water under 
magnetic stirring, followed by addition of 0.4 g (5 mmoles) of titanium dioxide. Barium 
carbonate (BaCO3) in major percentage gets generated during BaTiO3 synthesis. In order to 
synthesize phase pure BaTiO3, to above prepared equimolar solution, 366 µL (10 mM) of 
Tween 80 was added drop-wise using micropipette at continuous stirring conditions of 
500 rpm. Tween 80 dual role of structure directing and carbonate inhibiting agent in 
formation of pure BaTiO3 is discussed in detail in section 7.3.1.3.  After vigorous stirring for 
20 min, the suspension was ultrasonicated for 15-20 min, and the contents were transferred to 
a 100 mL Teﬂon-lined autoclave and placed in a programmable oven. The temperature was 
raised to 200°C at a heating rate of 5°C/min and held constant at this temperature for 24 h. 
Thereafter, the resultant precipitate was suspended in deionized water and centrifuged at a 
speed of 14000 rpm for 10 min to obtain a cream white product. Repeated centrifuging, 
sonication and washing with deionized water followed by an ethanol wash ensured complete 
removal of all residual impurities. The product was dried overnight in an oven at 60°C. 
 
7.2.3 Decoration with CuO micro-leaves 
Heterojunction nanostructures were formed by co-precipitating the BaTiO3 spheroids with 
CuO micro-leaves by utilizing a modified methodology.14 This was performed by adding 
calculated quantities of as-synthesized BaTiO3 powder (0.5 g) with 0.4275 g (2.143 mmoles) 
of copper (II) acetate monohydrate to 100 ml deionized water. To this solution, 0.5240 g 
(0.262 mmoles) of poly (ethylene glycol), acting as morphology directing agent was added. 
This was followed by drop-wise addition of 5 M NaOH solution until a color change from 
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blue to black was observed. This solution was stirred magnetically for 24 h at 70oC. After 
completion of the reaction, the resultant mixture was centrifuged, sonicated and washed 
several times with deionised water and ethanol to obtain a brown product, which was 
subsequently dried in an oven overnight at 60°C. For ease of nomenclature, the BaTiO3 
spheroids decorated with CuO micro-leaves to form CuO/BaTiO3 nanocomposites in 1:8, 1:4, 
1:2, 1:1, 1.25:1, 1.5:1 mole ratios, hereafter will be referred as CB-1:8, CB-1:4, CB-1:2,    
CB-1:1, CB-1.25:1 and CB-1.5:1. 
  
7.2.4 Functionalization with Silver Nanoparticles 
A solution impregnation technique was followed to incorporate the as-synthesized 
CuO/BaTiO3 nanocomposite with silver in 0.5, 1 and 1.5 wt.%. Briefly, for incorporating 
1 wt.% of silver, ca. 7.9 mg (0.04 mmoles) of silver nitrate was added to the 0.5 g of 
CuO/BaTiO3 p-n composite powder suspended in 40 ml of ethanol and stirred under 
magnetic agitation for 30 min. Thereafter, 3 mg (0.08 mmoles) of sodium tetrahydridoborate 
was added to reduce the silver ions to metallic silver nanoparticles. Subsequently, the 
resultant mixture was centrifuged, sonicated and washed several times with deionized water 
and ethanol to obtain a final product that was dried in an oven overnight at 60°C. Ag 
functionalized CuO/BaTiO3 composite in 1:1 mole ratio with 0.5, 1 and 1.5 weight 
percentages, henceforth will be referred as 0.5 wt.%CB-1:1, 1 wt.%CB-1:1 and 1.5 wt.%CB-
1:1, respectively. 
 
7.3. RESULTS AND DISCUSSIONS 
This section discusses the material characterization and CO2 sensing performance for controls 
CuO, BaTiO3 and CuO/BaTiO3 composites decorated with Ag in various weight percentages. 
The initial subsections detail the BaTiO3 phase and morphology formation followed by the 
decoration of pure BaTiO3 with CuO and Ag in controlled amounts. Thereafter, CO2 sensing 
performance is discussed and is further corroborated with in-situ DRIFTS measurements. 
 
7.3.1 Crystal Structure and Morphological Evaluations of Prolated BaTiO3 Spheroids 
This section discusses the physicochemical novelties of the prolated BaTiO3 spheroids 
supported extensively by TG-DTA, HT-XRD, powder-XRD, micro-Raman, XPS, EDS maps 
and electron micrographs in scanning and transmission mode. 
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7.3.1.1 Thermo-gravimetric & Differential Thermal (TG-DTA) Analysis 
The thermal decomposition and phase stability of synthesized BaTiO3 powder was 
confirmed by TG-DTA analysis. TG and DTA curves of the BaTiO3 nanopowder are 
presented in Figure 7.1. Weight loss was observed in two steps. In the first step, temperature 
region up to 150°C, the endothermic peak situated at 61°C, with weight loss ~1% results 
from the evaporation of adsorbed hydroxyl groups. In second step, one endothermic peak 
situated at ~389°C, with weight loss ~6.5% represents the decomposition of Tween 80, an 
organic compound used here as structure directing agent15. Above temperature of 550°C, no 
weight loss was observed thus confirming phase stability of BaTiO3 spheroids beyond this 
temperature.  
 
Figure 7.1: TG-DTA trace of BaTiO3 powder synthesized via hydrothermal route at 200oC for 24 h 
with Tween concentration 10 mM. 
7.3.1.2 X-ray diffraction (XRD) Analysis 
Figure 7.2a shows the X-ray diffraction pattern of the BaTiO3 powder. The well-resolved 
peaks demonstrate high crystallinity and phase purity, without subject to any acid washing or 
heat treatment post hydrothermal synthesis. All diffraction peaks in this pattern can be 
labeled and indexed to tetragonal crystal structure (JCPDS file no. 89-1428, space group – 
P4mm (99), a = 0.4006 nm and c = 0.4017 nm). The mean crystallite size estimated by 
applying Scherrer’s formula to the intense diffraction peaks for the BaTiO3 is ~23 nm. The 
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calculated lattice constants a = 0.4013 nm and c = 0.40212 nm are in good agreement with 
the reported values.16-18 Figure 7.2b shows magnified view with 2Ɵ in the range of ~44-47o, 
revealing peak splitting. The tetragonal BaTiO3 phase from the XRD pattern can usually be 
identiﬁed by the asymmetric broadening at 2Ɵ of ~45o which can be attributed to (200)/(002) 
planes, while the cubic BaTiO3 phase only has one single diffraction peak at 2Ɵ of ~45o.16,19-
20 Slight peak splitting was observed in powder X-ray diffraction pattern (Figure 7.2b) and to 
confirm this, in-situ high-temperature X-ray diffractograms were recorded from 40 to 320oC 
in a step of 40oC.  
   
 
Figure 7.2: (a) Powder X-ray diffraction pattern of as-synthesized BaTiO3 at 200oC for 24 h with 
10 mM Tween 80 concentration and (b) magnified view in the 2Ɵ~44-47o range. 
 
Figure 7.3 shows in-situ high temperature powder X-ray diffraction pattern of BaTiO3 that 
was synthesized at hydrothermal temperature of 200oC for 24 h in the presence of 10 mM 
Tween 80. Synthesized BaTiO3 powder was observed to be stable at high temperatures. In 
stark contrast to the XRD pattern shown in Figure 7.2a, peak splitting was clearly visible at 
every temperature step at 2Ɵ of ~40o, 46o and 67o corresponding to (111), (200) and (220) 
planes respectively. Impurities due to by-products such as BaCO3, TiO2 or any other 
complexes were not visible, thus confirming phase purity of as-synthesized BaTiO3 powder. 
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 Figure 7.3: in-situ high temperature powder X-ray diffraction pattern of as-synthesized BaTiO3 at 
200oC for 24 h with 10 mM Tween 80 concentration. HT-XRD at 40oC spectrum at the top is taken 
after completion of heating cycle at 320oC. 
 
7.3.1.3 Influence of Synthesis Reaction Conditions 
This subsection details the morphological changes that occur due to different reaction 
parameters namely hydrothermal reaction temperature, time and concentration of Tween 80.  
The optimum conditions were determined from a comprehensive analysis aided by electron 
micrographs and its correlation with X-ray diffractograms are discussed simultaneously 
necessary to generate phase pure BaTiO3 nanostructures.  
 
7.3.1.3.1 Hydrothermal Reaction Temperature 
X-ray diffractograms of BaTiO3 powder synthesized at different hydrothermal temperatures 
are illustrated in Figure 7.4. It revealed that the tetragonal BaTiO3 with major percentage of 
orthorhombic BaCO3 impurity (JCPDS card no: 45-1471, space group – Pnma (62)) was 
obtained at 80oC and this percentage reduced drastically with increase in temperature to 
186 
 
110oC as seen from Figure 7.4a-c. From Figure 7.4d-f, at and above 170oC, peaks detected 
can be indexed to phase pure BaTiO3 tetragonal perovskite structure. 
 
 
Figure 7.4: X-ray diffraction patterns of synthesized BaTiO3 obtained at 24 h and with Tween 80 
concentration of 10 mM at different hydrothermal temperatures where (a) 80oC, (b) 110oC, (c) 140oC, 
(d) 170oC, (e) 200oC and (f) 230oC. 
 
Figure 7.5a shows the synthesized products when different hydrothermal reaction 
temperatures were investigated while keeping other reaction parameters constant. All samples 
used 24 h of hydrothermal reaction time and 10 mM Tween 80 concentration. At 80oC, 
irregular shaped polyhedra were observed to assemble face-to-face in some areas, indicating 
incomplete transformation of morphology. From Figure 7.5b-e, it is observed that this 
morphology disappears with increase in temperature from 110oC to 170oC, and a change in 
structure from cuboids to spheroids can be observed. At a hydrothermal reaction temperature 
of 200oC, prolated spheroids in large numbers were realized. From Figure 7.5f, when the 
autoclave was held at 230oC, irregular shaped aggregates formed. 
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Figure 7.5: Representative electron micrographs in transmission mode of BaTiO3 nanostructures 
obtained after 24 h reaction time containing Tween 80 concentration of 10 mM at hydrothermal 
temperatures of (a) 80oC, (b) 110oC, (c) 140oC, (d) 170oC, (e) 200oC and (f) 230oC. 
 
7.3.1.3.2 Hydrothermal Reaction Time 
Figure 7.6 shows stacked X-ray patterns of synthesized BaTiO3 powder obtained at 
different hydrothermal reaction times. From Figure 7.6a, during initial stage (1 h) of reaction 
time, predominant phase was orthorhombic BaCO3 impurity (JCPDS card no: 45-1471, space 
group – Pnma (62)). At 3 and 6 h time interval, BaCO3 peak intensity decreases as observed 
from Figure 7.6b-c. As the hydrothermal aging continues till 24 h, phase pure tetragonal 
BaTiO3 was observed from diffraction data shown in Figure 7.6e. At the end of 48 h, 
tetragonal BaTiO3 phase with a minor percentage of BaCO3 as impurity was achieved as can 
be seen in Figure 7.6f. Here it can be inferred that the gradual increase in reaction time from 
1 to 24 h results in steady ordering of crystal structure at atomic level thus allowing complete 
transformation to BaTiO3 phase.  
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Figure 7.6: X-ray diffraction patterns of synthesized BaTiO3 obtained at 200oC with Tween 80 
concentration of 10 mM at different hydrothermal reaction times where (a) 1 h, (b) 3 h, (c) 6 h,        
(d) 12 h, (e) 24 h and (f) 48 h. 
 
Morphological evolution experiments were carried by varying hydrothermal reaction time 
in stages of 1, 3, 6, 12, 24 and 48 h when using Tween 80 concentration of 10mM at 200oC. 
The TEM images of the resulting materials are shown in Figure 7.7. From Figure 7.7a, during 
the initial stages (1 h of reaction time), random polyhedra were observed to melt together. 
From Figure 7.7b-d, with further increase in reaction time, cuboids with sharp edge were 
visible in some areas with major of particles being spheroids. As the hydrothermal aging 
continues till 24 h, cuboids edges smoothen and prolated spheroids in size range of 20-70 nm 
were clearly noticeable as observed in Figure 7.7e. From Figure 7.7f, at the end of 48 h, 
spheroids growth culminated to rectangular prism.  
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Figure 7.7: Representative electron micrographs in transmission mode of BaTiO3 nanostructures 
obtained at 200oC with Tween 80 concentration of 10 mM at different hydrothermal reaction times, 
where (a) 1 h, (b) 3 h, (c) 6 h, (d) 12 h, (e) 24 h and (f) 48 h. 
 
7.3.1.3.3 Tween 80 Concentration 
Tween 80 is a water soluble non-ionic surfactant, derived from poly ethoxylated sorbitan 
and oleic acid and was used as shape directive additive as well as carbonate formation 
inhibitor.21-22 Figure 7.8 shows stacked X-ray patterns of synthesized BaTiO3 powder 
obtained at different Tween 80 concentration. Peaks due to impurity such as BaCO3 were not 
detected for Tween 80 concentration from 3 to 14 mM, indicating strong role played by 
Tween 80 as carbonate inhibiting agent during BaTiO3 formation process, discussed in detail 
in succeeding section (See section 7.3.1.3.4).  
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Figure 7.8: X-ray diffraction patterns of synthesized BaTiO3 obtained at 200oC for 24 h at different 
Tween 80 concentrations where (a) 14 mM, (b) 12 mM, (c) 10 mM, (d) 8 mM, (e) 6 mM, (f) 3 mM, 
(g) 1 mM and (h) 0 mM. 
 
Figure 7.9 reveal morphological evolution when Tween 80 concentration was varied 
keeping other reaction parameters constant. For Tween 80 concentration from 14 to 10 mM, 
prolated spheroids with a size variation of few nanometres were observed from Figure 7.9a-c. 
With the decrease in Tween 80 concentration from 8 to 1 mM, spherical particles coalesce 
together and only a few particles were observed with size more than 100 nm as seen in 
Figure 7.9d-g. When Tween 80 was absent (0 mM), irregularly shaped aggregates in the 
range ~100-250 nm were observed from Figure 7.9h. 
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Figure 7.9: Representative electron micrographs in transmission mode of BaTiO3 nanostructures 
obtained at 200oC for 24 h at Tween 80 concentrations of (a) 14 mM, (b) 12 mM, (c) 10 mM,          
(d) 8 mM, (e) 6 mM (f) 3 mM, (g) 1 mM and (h) 0 mM. 
 
7.3.1.3.4 Growth Mechanism of Prolated BaTiO3 Spheroids 
The formation mechanism of BaTiO3 in presence of Tween 80 used as structure directing 
agent is described as below. Tween 80 as a surfactant is widely used in noble metal 
nanoparticles synthesis (Au, Ag and so on) due to its high chemical stability.23-24 The 
ethylene oxide subunits of Tween 80 undergo auto-oxidation, which results in peroxide 
formation, side-chain cleavage and eventually leading to generation of short chain acids such 
as formic acid.25-28 Barium is chemically very reactive and is seldom found in nature as a free 
element. Synthesis of BaTiO3 often involves formation of BaCO3 as an impurity in major 
proportion owing to spontaneous reaction of Ba2+ ions in aqueous solution with atmospheric 
CO2. Many researchers have reported tedious post-treatment of synthesized BaTiO3 with 
formic acid to remove BaCO3 impurity; wherein amorphous BaO is often left behind in the 
sample.29-32 Thus employment of Tween 80 here not only inhibits the formation of BaCO3 in-
situ, but also acts as the structure directing agent to generate prolated spheroids. This further 
justifies the presence of dormant BaO in the sample, which is in line with XPS and EDS 
results mentioned in succeeding section. Briefly, the prolated BaTiO3 spheroids can be 
assumed to form via an in-situ dissolution-precipitation process. Tween 80 is a yellow 
viscous liquid and upon its addition to barium-titanium aqueous solution, it disperses in the 
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form of spherical core–shell micelle structure where the core is composed of hydrophobic C–
C chains and the shell consists of polar –OH groups.32 The dissolved barium hydroxide 
octahydrate reacts initially with TiO2 to form a barium coated TiO2 layer on the surface of 
TiO2. With the reaction time prolonging, additional barium ions (Ba2+) continuously diffuse 
through the TiO2 to form barium titanium complex. The spheroid crystallite formation of this 
complex continues until the TiO2 and (BaOH)2 sources are exhausted. Crystalline BaTiO3 
nucleates are formed by the dehydration of barium titanium complexes. The formation of 
BaTiO3 nanoparticles proceeds inside the core of the small micelles of Tween 80 in two 
steps.32 First step is nucleation and the other is growth of nanoparticles. Upon formation of 
primary BaTiO3 nuclei, some surfactant molecules get attached to the surface of complex via 
oxygen present in the hydrophobic alkyl chain of Tween 80 and finally due to their high 
surface energy, the aggregates come together to form BaTiO3 spheroids. Prolonged 
hydrothermal reaction time of 24 h results in its preferential growth in one direction than the 
other, thereby giving rise to spheroids with prolated nature.  
 
7.3.1.4 micro-Raman Spectral Analysis 
Raman spectroscopy is an excellent technique to probe the atomic vibrations in a 
crystalline material. In case of BaTiO3, it conveniently enables investigating the cubic-to-
tetragonal phase transition in case of BaTiO3, invoking the fact that the cubic phase inherently 
does not exhibit Raman active vibrational modes.34 Figure 7.10 shows the micro-Raman 
spectra measured on as-synthesized BaTiO3 powder at an optimized parameter of 200oC for 
24 h with 10 mM Tween 80 concentration. Raman active vibrational modes of BaTiO3 can be 
identified as A1 (LO) at 187 cm-1 and [B1, E (TO+LO)] at 306 cm-1 indicating asymmetry 
within the TiO6 octahedra of BaTiO3 on a local scale, [A1 (TO), E (TO)] at 518 cm-1 
indicative of coupling of TO modes associated only with tetragonal phase and [A1 (LO), E 
(LO)] at 715 cm-1, are consistent with the reported values.16,35-37 Characteristics peaks at 306 
and 715 cm-1 confirm the tetragonal phase of BaTiO3.35-36 Interestingly, the peak at 306 cm-1 
is sharp and suggests that the tetragonal phase is dominant over the pseudocubic phase.16 
Further, it has been widely reported that the Raman spectra of both tetragonal and 
orthorhombic phases of barium titanate are similar. The major difference, apart from the peak 
positions, is the presence of a strong peak at 190 cm-1 in the orthorhombic phase instead of 
187 cm-1 in the tetragonal phase.16,38 This is mainly due to the decoupling of the three A1 
(TO) modes in the orthorhombic phase. A weak peak at 249 cm-1 due to [A1 (TO), E (LO)] 
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mode of BaTiO3, usually comes from the splitting of triply degenerated mode F1u (TO) in the 
cubic phase.19 
 
Figure 7.10: micro-Raman spectrum of as-synthesized BaTiO3 at 200oC for 24 h with 10 mM 
Tween 80 concentration. 
 
7.3.1.5 X-ray Photo-electron spectroscopy (XPS) Analysis 
X-ray photoelectron spectroscopy (XPS) was performed to confirm oxidation states of 
metal ions in the sample. The survey spectrum illustrated in Figure 7.11 reveals the presence 
of Ba, Ti, O and C only. Figure 7.12a illustrates the core level XPS spectra of Ba. The Ba 
elemental spectra shows doublet at 3d5/2 and 3d3/2 separated by a spin-orbital splitting energy 
of 15.3 eV. The typical Ba (3d5/2) peak has two components separated by ~1.47 eV, one at 
779 and other at 777 eV, indicating existence of Ba2+ in two different chemical states for the 
sample in the region selected.39 The peaks centered at 779 and 794 eV confirm +2 oxidation 
state of Ba atoms in perovskite phase of BaTiO3, while the peaks centered at 777 and 793 eV 
confirm +2 oxidation state of Ba atoms on the surface phase of BaTiO3.40 Peaks centered at 
780  and 796 eV can be assigned to Ba atom in BaO or linked with surface hydroxyl group.16 
These findings were further substantiated with O 1s and C 1s analysis as shown in 
Figure 7.12b and 7.12c respectively.  
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 Figure 7.11:  Survey spectrum of as-synthesized BaTiO3 at 200oC for 24 h with a Tween 80 
concentration of 10 mM. 
Peaks at 528, 529 and 532 eV are attributed to Ba-O-Ti, Ti-O-Ti and hydroxyl groups in 
BaTiO3 respectively (Figure 7.12b). Peak at 284 eV is attributed to adventitious carbon 
arising due to atmospheric contamination (Figure 7.12c). In addition to this, peak at 285 eV 
corresponds to surface contamination with other carbonaceous species. The binding energy of 
C 1s electrons in BaCO3 is 289-290 eV.41-42 Hence, it can be inferred that the peak at 796 eV 
is due to BaO (Figure 7.12a). Interestingly, the presence of BaO was not detected in XRD 
pattern and this could be due to its amorphous nature. Nevertheless, presence of this dormant 
BaO plays an important role in sensing mechanism and will be discussed in detail in 
succeeding section (See section 7.4.2). Figure 7.12d illustrates core level spectra of Ti. The 
Ti 2p peak upon deconvolution shows the presence of two peaks centered at 458 and 457 eV. 
The former is assigned to +4 oxidation state of Ti in BaTiO3 and the latter attributed to +3 
oxidation state due to surface oxygen deficiency.16,39-42 The spin-orbital splitting energy of 
5.8 eV for Ti is in agreement with the reported values.43-44 The formation of oxygen and/or 
barium vacancies is usually accompanied by a change in the oxidation state of the nearest 
neighbor atom in order to maintain the local charge balance, in this case, its the Ti atom 
which shows change in oxidation state from +4 to +3. Few earlier studies have shown that 
during such complex phenomena, planar and point defects are created.45-46 Furthermore, the 
effect of these defects can influence phase changes within BaTiO3 matrix which becomes 
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dominant upon decrease in size to nanoscale, thus preventing complete transition from cubic 
to tetragonal. The ratio of Ba:Ti is ~1.54, calculated from the peak area of Ba 3d and Ti 2p 
supports the presence of amorphous BaO in the sample. 
 
      
   
 
Figure 7.12:   X-ray photoelectron spectroscopy of as-synthesized BaTiO3 at 200oC for 24 h with a 
Tween 80 concentration of 10 mM presented as (a) Ba 3d, (b) O 1s (c) C 1s and (d) Ti 2p. 
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7.3.1.6 Electron Microscopy Analysis 
Figure 7.13a-c shows the typical transmission electron microscopy images of the formed 
BaTiO3 which appear as spheroids like structures, when synthesized by the hydrothermal 
route at 200oC for 24 h. The spheroids were observed to coalesce together and attach on all 
sides (Figure 7.13a). Figure 7.13b-c is high magnification image, which reveals highly 
polydispersed spheroids with diameter in the range ~15-75 nm. The diameter along one 
direction is larger compared to other confirming the prolated nature of spheroids. The 
selected-area electron diffraction pattern (SAED) for the BaTiO3 spheroids presented in 
Figure 7.13d, illustrates the polycrystalline nature of prolated spheroids and enables it to be 
indexed as a tetragonal space group – P4mm (99) using the unit cell parameters. The high-
resolution TEM image of spheroid in Figure 7.13e further reveals clear lattice fringes with 
measured interplanar crystal spacing of ~0.28 nm that corresponds to the (101) crystalline 
plane, confirming growth direction perpendicular to [110].16,48 These results are in line with 
the micro-Raman spectrum and X-ray diffraction patterns, validating that the hydrothermally 
synthesized prolated BaTiO3 spheroids show a tetragonal dominant structure with a 
possibility of pseudocubic phase present in minor percentage.  
 
 
Figure 7.13: (a-c) Series of electron micrographs in transmission mode taken at high and low 
magnifications (d) SAED pattern and (e) a high-resolution image revealing tetragonal crystal structure 
of BaTiO3 spheroids synthesized at 200oC for 24 h with Tween 80 concentration of 10 mM. 
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 EDS mapping carried out on the samples and presented in Figure 7.14 in order to 
demonstrate the homogenous spread of the elements throughout the material. The elemental 
quantification and mapping of equimole ratio of prolated BaTiO3 spheroids showed a uniform 
distribution of Ba, Ti, and O elements throughout the sample. The Ba:Ti ratio calculated from 
EDS is ~1.72, which is closely related to the Ba:Ti ratio calculated from XPS, thus 
supporting the presence of amorphous BaO.   
 
 
Figure 7.14: (a) Electron micrograph evincing true area of BaTiO3 spheroids used for elemental 
quantification. Elemental maps demonstrate uniform presence of (b) barium (Ba), (c) titanium (Ti) 
and (d) oxygen (O) throughout the sample while the (e) EDS survey spectra shows the presence and 
relative intensity from each element. The Table at the bottom right-hand corner presents the weight 
percentages of each element as obtained from the survey spectra. 
 
7.3.2 Physicochemical Characterization of CuO/BaTiO3 nanocomposites 
This subsection discusses the physicochemical novelties of the prolated BaTiO3 spheroids 
decorated with various mole ratios of CuO micro-leaves characterized extensively by TG-
DTA, HT-XRD, powder-XRD, XPS, EDS maps, FE-SEM and TEM micrographs.  
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7.3.2.1 Thermo-gravimetric & Differential Thermal (TG-DTA) Analysis 
The thermal decomposition of CuO/BaTiO3 nanocomposite was investigated by TG-DTA 
analysis, given that its purpose was to test it as CO2 sensitive material in the temperature 
range 40-200oC. Figure 7.15 shows single step decomposition of the sensitive material. The 
strong peak in the 100-300oC region with weight loss of 5.36% can be attributed to removal 
of surface adsorbed water and organic moieties, corresponding to an endothermic peak at a 
temperature 298oC in DTA spectra.14 The weight loss in the range 168-350oC is also known 
to occur due to thermal decomposition of CuAc2.H2O used here as copper starting material.49 
Here maximum weight loss is observed to be taking place in the temperature range 150-
400oC. Beyond 400oC, no weight loss takes place and composite is observed to be stable. 
Hence, prior to each sensing pattern, the sensor element was preheated at 400oC for 6 h in air 
to stabilize the sensor surface, by removing adsorbed water and residual organic species. 
 
Figure 7.15: TG-DTA trace of CuO/BaTiO3 nanocomposite in equimole ratio in ambient air 
atmosphere.  
7.3.2.2 X-ray diffraction (XRD) Analysis 
The X-ray diffractograms of the as-synthesized pure BaTiO3 and CuO/BaTiO3 
nanocomposites prepared with different CuO contents are presented in Figure 7.16. The XRD 
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patterns corresponding to decoration of BaTiO3 with different weight percentages of CuO to 
form composites in various mole ratios confirmed that CuO decoration did not significantly 
alter the structure of the individual oxides (Figure 7.16a). As seen in Figure 7.16b-d, till 1:8 
mole ratio CuO/BaTiO3 does not show any peaks due to Cu. This could be either due to very 
low Cu content or the amorphous nature of copper species.49-50 From Figure 7.16e-i, the 
presence of CuO peaks becomes discernible beyond mole ratio of 1:4. The XRD pattern of 
CuO/BaTiO3 nanocomposite in 1:2 mole ratio and above, showed peaks corresponding to 
tetragonal BaTiO3 and cubic structured CuO (JCPDS card no. 89-1428, space group: P4mm 
(99) and JCPDS card no. 72-0629, space group: C2/c (15) respectively). This suggests that 
CuO and BaTiO3 coexist in the nanocomposite as independent phases.  
 
Figure 7.16: Representative stacked plot of X-ray diffraction patterns of as-synthesized (a) pure 
BaTiO3, further decoration of BaTiO3 with CuO to form p-type CuO/n-type BaTiO3 nanocomposites 
in various mole ratios of (b) 1:100, (c) 1:50, (d) 1:8, (e) 1:4, (f) 1:2, (g) 1:1, (h) 1.25:1, (i) 1.5:1.  
 
Figure 7.17 shows X-ray diffraction pattern of cupric (II) acetate monohydrate which was 
independently treated at 70oC for 24 h. As synthesized material was confirmed to be CuO 
with monoclinic tenorite crystal structure (space group: C2/c (15), JCPDS card no. 72-0629). 
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The crystallite size was calculated by taking the average of the sizes obtained after applying 
the Scherrer equation to the major diﬀraction peaks in the XRD pattern for pure CuO. It was 
found that the average crystallite size was 16 nm. X-ray diffractograms evinced absence of 
peaks due to any other Cu or Ba phase indicating that nanocomposites synthesized here are 
composed of BaTiO3 and CuO only.  
 
Figure 7.17: Powder X-ray diffraction of CuO obtained at 70oC for 24 h via co-precipitation route. 
 
Figure 7.18 illustrates stacked in-situ high temperature X-ray diffractograms of CuO/BaTiO3 
nanocomposite in equimole ratio recorded from 40 to 320o in a step of 40o. The 
nanocomposite was observed to be stable at high temperatures. Peak splitting was clearly 
visible at every temperature step at 2Ɵ~40o, 46o and 66o corresponding to (111), (200) and 
(220) reflections, are in agreement with the results mentioned earlier for pure BaTiO3 
spheroids. Impurities due to by-products such as BaCO3, TiO2 or any other complexes were 
not visible at high temperatures, thus confirming phase purity and thermal stability of as-
synthesized CuO/BaTiO3 nanocomposite. 
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 Figure 7.18: in-situ high temperature powder X-ray diffraction pattern of CuO/BaTiO3 
nanocomposites in equimole ratio. HT-XRD at 40oC spectrum at the top is taken after completion of 
heating cycle at 320oC. 
 
7.3.2.3 X-ray Photo-electron spectroscopy (XPS) Analysis 
Chemical composition of specimen after CuO decoration and in-situ reduction of AgNO3 
salt was ascertained by X-ray photoemission spectroscopy (XPS). Figure 7.19 illustrates 
stacked XPS survey spectra of pure BaTiO3 spheroids, CuO microleaves decorated BaTiO3 
spheroids in equimole ratio and the equimole mole ratio CuO/BaTiO3 nanocomposite 
impregnated with 1 wt.% Ag. Spectra revealed existence of Cu and Ag species indicated by 
Cu 3p, Cu LMM, Cu 2p and Ag 3d peaks respectively. Further, the survey spectrum showed 
peaks only from Ba, Ti, Cu, Ag and O.  
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 Figure 7.19: A stacked X-ray photoelectron spectra of pure BaTiO3 spheroids, CuO/BaTiO3 
spheroids in equimole ratio and the equimole mole ratio CuO/BaTiO3 nanocomposite impregnated 
with 1 wt.% Ag. 
 
Figure 7.20a and 7.20b illustrates the core level XPS spectra of the Ba and Ti. The Ba 
elemental spectra show doublet at 3d5/2 and 3d3/2 separated by a spin orbital splitting energy 
of 15.42 eV. The spin orbital splitting energy of 5.62 eV for Ti is in agreement with the pure 
BaTiO3 spheroids spectra described in detail in preceding section. Figure 7.20c shows 
elemental Cu spectra. Cu 2p XPS spectrum represented by the characteristic 2p3/2 and 2p1/2 
peaks centered at 934 and 953 eV respectively indicated presence of Cu in +2 oxidation 
states. Deconvolution of Cu 2p core level spectrum of copper at 933 eV resulted in two peaks, 
where peak at 933 and 934 eV confirmed presence of Cu in +2 oxidation state. Further, the 
existence of the two shake-up satellite peaks, one in the range 938-946 eV (which could be 
deconvoluted into two Gaussian peaks centered at 941 and 943 eV) and the other at 962 eV in 
the spectra also reiterates the chemical state of copper in nanocomposite as Cu2+ (CuO).51-52 
Figure 7.20d illustrates core level spectra of Ag. The Ag 3d core level XPS spectra shows 
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peaks centered at 368 and 374 eV which can be assigned to 3d5/2 and 3d3/2 respectively with a 
well separated 6.1 eV spin-orbit components confirms the +0 oxidation state of Ag.53 This 
inference supports the efficiency of solution impregnation technique in reducing the silver 
salt Ag (I), to metallic silver Ag (0), in-situ.  
 
 
 
Figure 7.20:  XPS spectra showing (a) Ba 3d, (b) Ti 2p, (c) Cu 2p and (d) Ag 3d core levels for the 
equimole mole ratio CuO/BaTiO3 nanocomposite. 
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7.3.2.4 Electron Microscopy Analysis 
Particle size and morphology of as-synthesized equimole ratio CuO/BaTiO3 nanocomposite 
were examined by FE-SEM, TEM and HR-TEM and are presented in Figure 7.21. The FE-
SEM images as shown in Figure 7.21a clearly revealed that CuO has leaf like structure with 
thickness around 10-20 nm. FE-SEM and TEM micrograph shown in Figure 7.21b-c reveals 
spheroids with size in range 20-80 nm in close contact with CuO microleaves. Morphology of 
CuO and BaTiO3 in the nanocomposite is retained thereby implying that the CuO decoration 
does not alter the morphology of the synthesized BaTiO3 powder. From Figure 7.21d, lattice 
fringes belonging to two different interplanar distances of 0.28 and 0.25 nm were 
respectively, in agreement with X-ray diffractograms (Figure 7.2).16,54 This image further 
confirmed the formation of p/n heterojunction at the interface between CuO and BaTiO3.  
 
Figure 7.21: Electron microscopy images in scanning and transmission mode, (a) pure CuO 
microleaves, (b-c) BaTiO3 spheroids decorated with CuO microleaves in equimole ratio and (d) a 
high resolution transmission electron micrograph revealing p/n heterocontact between CuO and 
BaTiO3. 
 
Elemental quantification and mapping of equimole ratio CuO/BaTiO3 nanocomposite showed 
uniform distribution of Ba, Ti, Cu and O elements throughout the sample is shown in 
Figure 7.22. In summary, XRD, HT-XRD, XPS and HR-TEM results imply that BaTiO3 
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spheroids form an intermittent heterocontact with CuO micro-leaves in the nanocomposite, 
with strong presence of Ag.   
 
Figure 7.22: (a) Electron micrograph evincing true area of CB-1:1 nanocomposite used for elemental 
quantification. Elemental maps demonstrate uniform presence of (b) barium (Ba), (c) titanium (Ti), 
(d) copper (Cu), (e) oxygen (O) throughout the sample and (f) EDS analysis. 
 
7.3.3. Chemo-Resistive CO2 Gas Sensing Performances 
This subsection details use of p-type CuO/n-type BaTiO3 nanocomposite as CO2 sensitive 
layer in chemo-resistive gas sensor. The attractive features of nanostructures with controlled 
morphology as discussed in the preceding sections have been substantiated by a critical 
evaluation of its gas sensing performance in the succeeding section. Sensor element 
fabrication, sensor set-up and test patterns employed to investigate sensing parameters are 
detailed in section 3.4 (Chapter 3). 
 
7.3.3.1 Sensor Response Characteristics  
The gas sensing studies involved measuring the resistance of pure BaTiO3 spheroids, pure 
CuO micro leaves and nanocomposites comprising of different mole ratios of CuO decorated 
over BaTiO3 towards gas concentration in the 100-10000 ppm balanced in air. It is well-
known that in any MOSs based chemo-resistive sensors, surface reactions taking place upon 
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interaction of analyte gas with the sensitive layer leads to sensing phenomenon. This 
phenomenon is dependent on operating temperature and hence its optimization is important. 
Figure 7.23a illustrates sensor response as a function of operating temperature for pure 
BaTiO3, pure CuO, and CuO micro-leaves decorated BaTiO3 spheroids in different mole 
ratios. The measurements were performed at 20°C interval between 40 to 200°C. Pristine 
BaTiO3 spheroids and CuO micro leaves showed negligible response towards 1000 ppm CO2 
gas for the tested operating temperature range. However, with an increase in CuO loading, 
the CuO/BaTiO3 nanocomposite showed significant improved response of 52% at 140°C for 
equimole ratio, thereby establishing promotional effect of CuO decoration. This temperature 
profile as illustrated in Figure 7.23a, is widely attributed to surface adsorption-desorption 
phenomenon taking place in case of most metal oxides based gas sensors.55-56 Beyond 140°C, 
sensor response decreased steadily in the case of each the nanocomposites. Saturation in 
sensor response was observed for nanocomposites for CuO loading in mole ratio above unity, 
suggesting that this is the most advantageous composition. Earlier reports suggest that the 
formation of equal p/n junction units compare to unequal units, facilitates decreases in the 
energy barrier at the grain boundary of BaTiO3 and CuO upon interaction of CO2 gas 
effectively, that subsequently reduces the width of the depletion layer, resulting in response 
improvement upon exposure to CO2 gas.4-12 Figure 7.23b shows the response profiles of CB-
1:1 as a function of operating temperature for different gas concentrations. Steady increase in 
sensor response was observed with increase in CO2 gas concentration, with a sensor response 
of ~50% towards 1000 ppm gas at 140oC as observed from Figure 7.23a and 7.23b. 
Interestingly, the increase in sensor response with increase in CO2 concentration and 
nonattainment of saturation at 100 ppm, suggest the broad detection scope of the sensor under 
study.  
Figure 7.23c shows the sensor response of CB-1:1 as a function of operating temperature 
for different weight percentages (wt.%) of Ag towards 1000 ppm CO2 gas. Sensor response 
increased with increase in Ag up to 1 wt.%, thereafter it decreased steadily. The maximum 
value of 58% towards 1000 ppm gas concentration at 120°C was observed for 1% Ag-
impregnated CuO/BaTiO3 (1%Ag-CB-1:1) nanocomposite. The decrease in optimum 
operating temperature from 140°C to 120°C indicates influence of Ag in promoting CO2 
adsorption by catalyzing the CuO carbonation.4-5 Figure 7.23d illustrates the sensor response 
versus CO2 gas concentration plot for pure BaTiO3, pure CuO, and nanocomposites 
comprising of different mole ratios of CuO decorated over BaTiO3. The calibration curve 
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shows the linear dependence of sensor response on CO2 gas concentration in the 100-
1000 ppm range. Beyond 1000 ppm, saturation in sensor response was noticeable.  
 
 
 
Figure 7.23: Sensor response characteristics, (a) as a function of operating temperature for different 
sensitive layer compositions towards 1000 ppm CO2 gas, (b) as a function of operating temperature 
for different CO2 gas concentrations for CB-1:1, (c) as a function of operating temperature for 
different weight percentages of Ag impregnated CB-1:1 nanocomposite and (d) as a function of CO2 
gas concentration at an operating temperature of 120oC. 
The dynamic transients for CB-1:1 and 1%Ag-CB-1:1 at an operating temperature of 
120oC is illustrated in Figure 7.24a. The cycles corresponding to different concentrations of 
CO2 gas were recorded sequentially ranging from 100 to 1000 ppm. Over this gas 
208 
 
concentration range, Ag-impregnated CuO/BaTiO3 nanocomposite showed enhanced 
response magnitude compared to the nanocomposite without Ag. From Figure 7.24b, the 
response and recovery times for 1%Ag-CB-1:1 were 3 and 8 s and for CB-1:1 were 5 and 
18 s respectively, which is an encouraging result compared to pure BaTiO3 and CuO. It was 
observed that CuO/BaTiO3 based sensors showed a fast response (<10 s) and recovery time 
(<10~20 s) in each case toward different CO2 concentrations, which is necessary for real-time 
detection.  
For any sensor, the ability to selectively detect a test gas in the presence of other interfering 
gases with similar properties is crucial from intelligent gas sensor applications viewpoint. 
Hence, the effects of various oxidizing gases such as SO2, NO2 and CO with 500 ppm 
concentration balanced with air at 120°C, known to have a detrimental impact on the 
environment, were confirmed with the nanocomposites with reference to pure BaTiO3 
spheroids and CuO micro leaves and illustrated in Figure 7.24c. Pure BaTiO3 and CuO did 
not show any significant response to the specific analyte gases. Further, the results revealed 
that 1% Ag-impregnated CuO/BaTiO3 exhibits high CO2 selective sensing characteristics 
compared to the nanocomposite without Ag. It is worth mentioning that the response of 
1%Ag-CB-1:1 sensor in presence of tested interfering gases was nearly 6 times higher than 
that of pure BaTiO3 and CuO. From cross-sensitivity studies, CuO/BaTiO3 composite with 
and without Ag showed sensitivity towards CO. The considerable resistance change brought 
about can be attributed to CO2 formed by oxidation of CO upon interaction with a sensitive 
layer, as the CuO/BaTiO3 is inherently selective towards CO2 gas.4-5 Accordingly, CO2 gas 
can be sensitively and selectively detected using 1%Ag-CB-1:1 nanostructured sensor. From 
Figure 7.24d, the long-term stability and repeatability of the composite gas sensors were 
tested towards CO2 gas over a period of 180 days. Both sensors exhibited good 
reproducibility in their sensing performance with a nearly constant response magnitude 
towards 500 ppm gas concentration at 120oC. This could be attributed to well-defined 
prolated spheroids achieved by a one-step synthesis route and its decoration with Ag and 
CuO in different mole ratios using a facile technique with easily controllable process 
parameters for fabricating the sensors.  
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Figure 7.24: (a) Dynamic profiles upon exposure to different CO2 gas concentrations, (b) response 
and recovery transient curves (c) cross sensitivity test against various oxidizing gases with 
concentration of each gas was 500 ppm balanced in air at 120oC measured for 5 consecutive times and 
fitted with standard error (±σ), and (d) long-term stability and repeatability performance. 
 
Interestingly from Figure 7.25a, the response and recovery times for CB-1:1 and 1%Ag-CB-
1:1 nanocomposite were nearly equal but a considerable difference in sensor response was 
observed (Figure 7.24). The MOS based chemo-resistive sensor characteristics were 
determined from the data demonstrated in Figure 7.23-7.24 are summarized in Table 7.1. The 
methods to determine these performance parameters are detailed elsewhere. It was observed 
that for nearly 180 data points collected, the 1%Ag-CB-1:1 had higher repeatability, accuracy 
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and better recovery than the CB-1:1 sensor, which was demonstrated graphically in 
Figure 7.23-7.24. The sensor response as a function of CO2 gas concentration with standard 
deviation (±σ) is presented in Figure 7.25b. 
 
Table 7.1 Sensor characteristics calculated from the data presented in Figures 7.23-7.24 (The data 
points are calculated from the sensors response when exposed to 700 ppm of CO2 gas concentration at 
120oC).  
Sensor Characteristics  CB-1:1 1%Ag-CB-1:1 
Recovery (%) 78 80 
Repeatability (%) ~94 ~98 
Accuracy (contingency - ±20%) ~91 ~96 
Average Error (Measured from ±σ) 1.4 0.86 
Coefficient of Variance (CoV, %) ~6 ~2 
Coefficient of Determination (R2)  ~0.998 ~0.996 
 
         
Figure 7.25: (a) Bar plot depicting sensor response and recovery times towards various CO2 gas 
concentrations at 120oC fitted with standard deviation (±σ) measured for three consecutive times and 
(b) Sensor response versus CO2 gas concentration fitted with standard deviation as error bar. 
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Experimental limit of detection (LoD) for CB-1:1 and 1%Ag-CB-1:1 was found to 100 ppm 
(Figure 7.24a). Estimated theoretical LoD was determined to be ~51 and ~41 ppm for CB-1:1 
and 1%Ag-CB-1:1, respectively. The theoretical limit of detection (LoD) was calculated 
according to following equation and summarized in Table 7.2, 
 
𝐋𝐨𝐃 (𝐩𝐩𝐦) = 𝟑 ×  𝐒𝐭𝐚𝐧𝐝𝐚𝐫𝐝 𝐃𝐞𝐯𝐢𝐚𝐭𝐢𝐨𝐧
𝐒𝐥𝐨𝐩𝐞
                                                                                                       (Eq.7.1) 
 
Where the standard deviation is taken for set of sensor resistances in air based on 180 data 
points measured from the baseline of the dynamic response curve (Figure 7.24d). Slope is 
calculated from linearly fitted calibration curves (Figure 7.25b). 
 
 
 
Table 7.2 Summary of calculated values of limit of detection (LoD) 
 
Sensors Standard 
Deviation 
(±σ) 
Slope 
(%.ppm-1) 
Theoretical LoD 
(ppm) 
 
Experimental 
LoD 
(ppm) 
1wt.%Ag-CB-1:1 0.3524      2.5545×10-2          ~41          100 
CB-1:1      0.9563         5.6505×10-2             ~51            100 
 
A summary of the sensing characteristics and comparative study based on the sensor 
discussed in the present work to the ones reported in the literature is illustrated in Table 7.3. 
The response and recovery times presented here are reasonably better than those reported till 
date for chemical sensors containing CuO/BaTiO3.4-12 Probable reason for this could be the 
nanostructuring of the sensitive layer in the present study compared to the thick/thin film 
techniques followed by high temperature sintering. Further, the operating temperature in this 
study was comparatively lower for CO2 gas concentration of 700 ppm tested.  
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Table 7.3: Comparison of gas sensor characteristics of CuO/BaTiO3 nanocomposite between the 
present work and thick/thin film based sensors reported in the literature. 
 
Material Type Gas 
Conc. 
(ppm) 
 Temp. 
(oC) 
Sensor 
Response** 
�
𝑹𝑪𝑶𝟐
𝑹𝑨𝒊𝒓
� 𝒐𝒓 �
𝑪𝑪𝑶𝟐
𝑪𝑨𝒊𝒓
� 
Ʈres 
 (s) 
 
 
Ʈrec 
 (s) 
Ref. 
CuO-BaTiO3 Capacitive 20,000 456 2.98 25 180 4-5 
1%Ag-CuO-BaTiO3 Capacitive 20,000 470 7.9 420 240 4-5 
CuO-BaTiO3 Capacitive 20,000 412 2.34 600 200 7 
CuO-BaTiO3 Resistive 5,000 300 1.9 120 180 9 
1.5%Ag-CuO-BaTiO3 Resistive 5,000 300 2.6 >120 >180 9 
CuO-BaTiO3 Resistive 5,000 25±1 3.3 300 300 10 
CuO-BaTiO3 Capacitive 5,000 25±1 3.3 120 120 10 
CuO-BaTiO3 Capacitive 20,000 440 2.45 60 300 11 
1%Ag-CuO-BaTiO3 Capacitive 20,000 457 7 120 300 11 
CuO-BaTiO3 Resistive 1,000 250 1.8 >90 >120 12 
1%Ag-CuO-BaTiO3 Resistive 500 250 3 90 120 12 
CuO-BaTiO3 Resistive 700 120 1.24 5 18 This work 
1%Ag-CuO-BaTiO3 Resistive 700 120 1.40 3 5 This work 
 
Figure 7.26 and 7.27 illustrates a series of XRD and TEM micrographs revealing that after 
10 repeated cycles of the CO2 sensing experiments each day over a period of 180 days, the 
crystal structure, primary morphology and the elemental composition of the nanocomposite 
was not affected, thereby confirming its suitability as a robust gas sensor material. 
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 Figure 7.26: Representative stacked plot of X-ray diffraction patterns of as-synthesized (a) pure 
BaTiO3, further decoration of BaTiO3 with CuO to form p-type CuO/n-type BaTiO3 nanocomposites 
in various mole ratios, where (b) 1:100, (c) 1:50, (d) 1:8, (e) 1:4, (f) 1:2, (g) 1:1, (h) 1.25:1, (i) 1.5:1 
obtained after CO2 gas sensing. 
 
Figure 7.27: TEM micrographs of CB-1:1 nanocomposite after 180 days of CO2 sensing. 
7.3.3.2 Plausible Sensing Mechanism  
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) in absorbance 
mode 120oC was employed to elucidate the sensing mechanism of CuO/BaTiO3 
nanocomposite towards CO2 gas, since this technique is more sensitive to surface species than 
transmission measurements.10,57-59 Briefly, the DRIFTS measurements were taken at room 
temperature on sample that were freshly synthesized as well as on the ones after they had 
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been exposed to CO2 gas (Figure 7.28). This was done in order to collect information of 
already adsorbed species onto the surface material before exposing it to CO2 gas. 
Figure 7.28a shows DRIFTS spectrum for CB-1:1 and 1%Ag-CB-1:1 at room temperature. 
Then the sample was exposed to dry air and spectrum at a stable temperature of 120oC was 
collected (Figure 7.28b). Following this, CO2 gas was introduced into the chamber and 
corresponding spectrum was acquired (Figure 7.28c). Finally, CO2 gas was flushed out of 
chamber and the sample was again exposed to dry air, to study its regeneration capability 
(Figure 7.28d). The DRIFTS spectrum of the nanocomposite achieved by exposing it to dry 
ambient air at room temperature shows a weak peak at 416 cm-1 and broad peak in the range 
476-650 cm-1, attributed to vibrations of Cu–O33 and Ti–O stretching modes of BaTiO3 in 
CuO/BaTiO3 nanocomposite (Figure 7.28a). Peaks at 1450 and 1554 cm-1 are characteristic 
vibrations of carbonate and carboxylic groups.60-62 The higher wavenumber band at 1450 cm-
1 is attributed to splitting of doubly degenerate stretching mode of CO3 in absorbed condition. 
The band at 1554 cm-1 can be assigned to the asymmetric/symmetric stretching vibrations 
arising due to strongly perturbed CO2 gas molecules in strong association with carbonate 
species (See reaction scheme (Eq.7.4) -(Eq.7.8)).  
The –C-H stretching vibrations at 2854 and 2924 cm-1 are due to presence of organic 
moieties (Tween 80 and PEG ~1900-2200 used here as surfactants).14,63 A weak hump due to 
superficial –OH group and adsorbed molecular water is visible in the range                      
3000-3600 cm-1.10,57,59 The spectrum remained unaltered when the sample was heated to 
120oC, except for increase in peak intensity due to absorbed molecular water (Figure 7.28b). 
The peak at 2346 cm-1 attributed to atmospheric interference due to CO2 which was not 
corrected while collecting the spectrum. Upon introduction of CO2 gas into the chamber, 
many new peaks were observed and on evacuation, these peaks diminished. Thus, confirming 
that the CO2 gas adsorption/desorption processes are completely reversible and no permanent 
set takes place (Figure 7.28c-d). The emergence of new peak at  674 cm-1 is attributed to the 
fundamental mode of carbonate ion group (−CO32−) due to in-plane bending, confirming 
formation of copper carbonate (CuCO3) species on the surface in presence of target gas, 
which is widely speculated as a reason for CuO/BaTiO3 nanocomposite sensitivity towards 
CO2 gas.4-5,13,64-65 High intensity peak in range 2228-2450 cm-1 is due to adsorbed CO2 and for 
easy of interpretation can be excluded from the studies.57-59 Further, a decrease in 1434 and 
1548, 1636, 2852 and 2926 cm-1 peak intensity is observed, indicating that bands got 
disturbed in the presence of gas. Splitting of broad band in the range 3000-3600 cm-1, into 
two peaks at 3598 and 3728 cm-1, materializing only in presence of the CO2 gas can be 
215 
 
assigned to hydroxyls groups of adsorbed water. One can assume that CuO in presence of 
CO2 must be forming CuCO3 and this carbonate species in presence of –OH group show high 
possibility to form hydroxocarbonate (Cu(HCO3)2).13 This consequently leads to decrease in 
the concentration of water related hydroxyl species. Similar reaction pathway could be 
assumed for amorphous BaO present in the nanocomposite, owing to its high reactivity with 
CO2.8-10 These results confirms direct correlation existing between spectroscopic and resistive 
changes, that is, higher changes in surface species are reflected in higher sensor response.57 
Hence, upon exposure to CO2, decrease in –OH and –COO with increase in −CO32−species, 
results in increased sensor response. 
 
                
Figure 7.28:  Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) of CB-1:1 
where spectra is collected at (a) room temperature (b) 180oC in absence of CO2 gas, (c) 180oC in 
presence of CO2 gas, (d) room temperature in absence of CO2 gas. 
Gas sensing mechanism of the chemo-resistive sensor is widely acknowledged as a surface 
phenomenon based on the response magnitude change as a result of 
chemisorption/physisorption of gas molecules and the interaction of these molecules with the 
species on the surface of the sensitive layer.66-73 In the case of CuO/BaTiO3 nanocomposite 
based sensors, the sensing mechanism stems from four major factors: BaO and CuO 
carbonation, p/n junction effect, adsorption/desorption and catalytic role of Ag. Influence of 
these factors is schematically illustrated in Figure 7.29. 
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 Figure 7.29: Schematic illustration of energy band structures of p-CuO, n-BaTiO3 and CuO/BaTiO3 
nanocomposite in presence of CO2 gas. Where Ec, Ev and Ef are the conduction band, valence band 
and Fermi energy, denoted by subscript c and b for CuO and BaTiO3 respectively. 
 
Employment of n-type semiconductor, BaTiO3 as base matrix forms compatible composite 
with p-type semiconductor CuO owing to low lattice mismatch. Previous reports suggest that 
the enhancement in sensor response observed was based on the change in 
resistance/capacitance of CuO/BaTiO3 mixed oxide as a consequence of BaO and/or CuO 
carbonation.4-5,8-10,74 Pristine BaTiO3 and CuO showed negligible response to CO2 gas, hence 
the formation of only BaCO3 or CuCO3 upon exposure does not facilitates the desorption 
process, thus making it unsuitable for CO2 sensing. Interestingly, when p/n nanocomposite is 
exposed to air, oxygen molecules in the air get dissociatively chemisorbed on the surface of 
the sensitive layer. In presence of CO2 gas, surface carbonation of CuO and/or BaO takes 
place which in turn reduces the adsorbed oxygen concentration and increases the acceptor 
density in CuO and/or BaO.4-5 As a result, the resistance of nanocomposite upon introduction 
of CO2 increases and the potential barrier height between CuO and BaTiO3 decreases. These 
reversible reactions in presence and absence of target gas change the resistance of the 
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CuO/BaTiO3 layer, which forms the basis of the sensing mechanism. This sensing 
mechanism can be elucidated conveniently by way of following chemical reaction pathways: 
𝑶𝟐 (𝒈𝒂𝒔)  → 𝑶𝟐(𝒂𝒅𝒔)                                                                                                                      (Eq.7.2) 
𝑶𝟐(𝒂𝒅𝒔) +  𝒆− ↔ 𝑶𝟐 (𝒂𝒅𝒔)− +  𝒆−  ↔ 𝟐𝑶(𝒂𝒅𝒔)−                                                                               (Eq.7.3) 
𝑶(𝒂𝒅𝒔)− +  𝒆−  ↔  𝑶(𝒂𝒅𝒔)𝟐−                                                                                                                (Eq.7.4) 
𝑪𝑶𝟐 (𝒈𝒂𝒔)  ↔ 𝑪𝑶𝟐 (𝒂𝒅𝒔)                                                                                                                 (Eq.7.5) 
𝑪𝑶𝟐 (𝒈𝒂𝒔) +  𝑶(𝒂𝒅𝒔)𝟐− ↔ 𝑪𝑶𝟑 (𝒂𝒅𝒔)𝟐−                                                                                                 (Eq.7.6) 
𝑪𝒖𝑶 +  𝑪𝑶𝟐 ↔  𝑪𝒖𝑪𝑶𝟑                                                                                                             (Eq.7.7) 
𝑩𝒂𝑶 + 𝑪𝑶𝟐 ↔  𝑩𝒂𝑪𝑶𝟑                                                                                                             (Eq.7.8) 
Further, introduction of a metallic additive in the sensitive layer tends to increase the 
sensitivity and lowers the operating temperature.55-56 This is attributable to the electronic 
sensitization of Ag nanoparticles due to the formation of Schottky barrier as illustrated from 
Figure 7.30. Briefly, current-voltage (I-V) curve exhibit the typical rectifying characteristics 
of a Schottky contact. A relatively higher current in the forward bias regime compared to 
current in the reverse bias. Also, the non-linearity observed for the I-V curve (in the forward 
bias) indicates the presence of Schottky barrier at the CuO/BaTiO3 interface.  
 
Figure 7.30: Current-voltage (I-V) characteristic for CuO/BaTiO3 composite in 1:1 mole ratio 
decorated with 1wt.% Ag. Insert shows schematic of p-CuO/n-BaTiO3 diode.  
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Furthermore, the CuO/BaTiO3 nanocomposite showed maximum sensitivity on 
impregnation with 1 wt.% Ag. The utilization of metallic Ag is known to promote CO2 
adsorption on the sensitive layer by catalyzing CuO carbonation over a larger area.4-5,74 This 
was additionally supplemented by unique structural characteristics of hybrid nanocomposite 
presented in current study exhibiting large surface area, increased number of reaction sites 
and the amount of adsorbed oxygen species. Furthermore, CuO and BaTiO3 co-existed as 
independent phases with well-defined hetero-contacts facilitated effective adsorption and 
desorption of CO2 gas, resulting in enhanced sensitivity, faster response and recovery times of 
CuO/BaTiO3 over pure BaTiO3 spheroids and CuO micro leaves.   
 
7.4. SUMMARY AND CONCLUSIONS 
The nanostructured prolated BaTiO3 spheroids were synthesized by a one-step hydrothermal 
route using Tween 80 as capping agent. The physicochemical properties were investigated 
using various characterization techniques and the results can be briefly summarised in the 
following points: 
• TG-DTA confirmed phase and stability of CuO/BaTiO3 at/ above 400oC. XRD result 
confirmed tetragonal crystal structured BaTiO3 spheroids in close contact with cubic 
structured CuO. 
• XPS confirmed +2 oxidation state of Ba and +4 oxidation state with minor percentage 
+3 oxidation state of Ti in BaTiO3 spheroids due to surface oxygen deficiency. XPS 
of 1%Ag-CuO/BaTiO3 reiterated the chemical state of copper in nanocomposite as 
Cu2+ (CuO) and +0 oxidation state of Ag.  
• TEM results revealed that BaTiO3 nanopowder consisted of highly polydispersed 
spheroids with diameter in range 15-75 nm. The FE-SEM image revealed that CuO 
has leaf like structure with thickness around 10-20 nm. FE-SEM and TEM images of 
the nanocomposite shows spheroids with size in range 20-80 nm in close contact with 
CuO microleaves. 
• Steady increase in sensor response was observed with increase in CO2 gas 
concentration, with maximum of ~50% towards 1000 ppm gas at 120oC. Sensor 
response increased with increase in Ag up to 1 wt.%. The maximum value of 58% 
towards 1000 ppm gas concentration at 120°C was observed for 1%Ag-CB-1:1 
nanocomposite.  
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• A shift in optimum operating temperature from 140°C to 120°C observed upon 
incorporation Ag in 1 wt.% indicated the role played by Ag in promoting CO2 
adsorption by catalysing the CuO carbonation. The response and recovery times for 
1%Ag-CB-1:1 were 3 and 8 s and for CB-1:1 were 5 and 18 s respectively.  
• Pure BaTiO3 and CuO did not show any significant response to the specific analyte 
gases, but 1% Ag impregnated CuO/BaTiO3 exhibit highly CO2 selective sensing 
characteristics compared to the nanocomposite without Ag, towards various oxidising 
gases with 500 ppm concentration balanced in air at 120°C. The response of 1%Ag-
CB-1:1 sensor was nearly 6 times higher than that of pure BaTiO3 and CuO. 
• The CB-1:1 nanocomposite exhibited better recovery (78%), repeatability (91%) and 
accuracy (91%) with CoV of 6%, whereas 1%Ag-CB-1:1 showed improved recovery 
(80%), repeatability (98%) and accuracy (96%) with CoV of 2%. 
• The long-term repeatability and stability of the 1%Ag-CB-1:1 and CB-1:1 
nanocomposite towards CO2 gas was followed by measuring the sensor response over 
the period of 180 days with 10 cycles per day (1800 data points). Both sensors 
exhibited good reproducibility in their sensing performance with a nearly constant 
response was observed towards 500 ppm gas concentration at 120oC. 
• Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) technique 
substantiated reversible reaction of CO2 with BaO and CuO to form respective 
carbonates species responsible for gas sensing effect. 
Based on these encouraging results, 1%Ag-CuO/BaTiO3 based chemo-resistive CO2 gas 
sensor discussed here may be a reference for future miniaturization of all nanostructured 
low temperature based solid-state sensors for detecting low ppm gas with high sensitivity 
and selectivity. 
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CHAPTER 8 
Conclusions and Future Work 
 
In this chapter, the summary of the work presented in the thesis as well as potential scope for 
future work are discussed.  
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8.1 SUMMARY 
This thesis work started with an aim of developing CO2 sensitive material for a range of 
applications operating at different temperatures using tailored nanomaterials either as 
potentiometric or chemo-resistive gas sensors. During the course of this work, 1 novel 
reference electrode material for potentiometric sensor and 3 chemo-resistive sensitive layers 
based on n-type MOS were developed and investigated. These were Li4Ti5O12 octahedra 
(chapter 4), ZnO interleaved assembly (chapter 5), SnO2 nanospheres (chapter 6) and 
BaTiO3 spheroids (chapter 7). It was observed that the synthesized nanomaterials had high 
structural stability, effective surface area and crystallinity with tailored facets with the 
favourable attributes. These attributes primarily exhibited efficient sensing performance 
towards CO2 gas at low ppm levels (~100 ppm). From the critical review of literature, the 
major issues associated with potentiometric sensors has always been their electrochemical 
stability and deterioration of performance in humid conditions. In this work, these concerns 
were alleviated by developing the nanostructured sensing material. Further, the conventional 
reference electrode (Li2TiO3) was replaced with {111} faceted Li4Ti5O12, widely known to 
enhance the electrochemical performance. Literature review had revealed the need for novel 
chemo-resistive sensitive layers to be designed and investigated. Hence, range of n-type MOS 
such as ZnO, SnO2 and BaTiO3 were chosen based on their electronic and optical property 
such as band-gap, work function, carrier concentration and lattice matching with CuO. Upon 
p/n hetero-contact formation, these composites were functionalized with Ag. Among the 
chemo-resistive CO2 sensors, Ag@CuO/BaTiO3 sensor showed enhanced performance 
compared to Ag@CuO/ZnO and Ag@CuO:Cu2O/SnO2 in terms of sensitivity, stability, 
operating temperature and response/recovery times. This was attributed to the low work 
function of BaTiO3 which helped in formation of compatible p/n heterojunction and its 
inherent high charge carrier concentration. However, Ag@CuO/ZnO and 
Ag@CuO:Cu2O/SnO2 showed improved selectivity compared to Ag@CuO/BaTiO3. During 
the course of research work, gas sensing mechanism was studied extensively and 
simultaneously substantiated from insights obtained from the in-situ spectroscopic techniques 
such as DRIFTS and UV-DRS. To summarize, this thesis work encompassed many novel 
concepts that were reported for CO2 gas sensing applications, which can be given as follows: 
1. Synthesis of spinel Li4Ti5O12 octahedra using CTAB as surfactant. Use of Li4Ti5O12-
TiO2 as reference electrode material.  
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2. Fabrication of potentiometric sensor using nanostructured 2D Li2CO3 flakes, 1D 
BaCO3 rods, and 3D TiO2 spheres as sensing and reference electrode material.  
3. Development of type III solid state potentiometric CO2 sensor with the configuration 
(air, CO2, Li2CO3-BaCO3, Ag│Li3PO4-SiO2│Ag, Li4Ti5O12-TiO2, CO2, air).  
4. A convenient hydrothermal synthesis route was used to prepare CuO:Cu2O p-p 
hierarchical heterostructures resembling flowers. Same technique was extended to 
SnO2 nanospheres to synthesize CuO:Cu2O/SnO2 nanocomposite. 
5. Prolated BaTiO3 spheroids were synthesized using Tween 80 acting as structure 
directing and carbonate inhibiting agent.  
6. Design of type II p/n heterostructured sensitive layers for chemo-resistive CO2 gas 
sensing applications, including: 
 Interleaved assembly of ZnO microspheres decorated with CuO microleaves 
and Ag nanoparticles to form Ag@CuO/ZnO composites in various ratios. 
 Hierarchical SnO2 nanospheres decorated with copper oxides (CuO:Cu2O) 
nanorods and Ag flakes to form Ag@CuO:Cu2O/SnO2 composites in various 
ratios. 
 Prolated BaTiO3 spheroids decorated CuO microleaves and Ag nanoparticles 
to form Ag@CuO/BaTiO3 composites in various ratios. 
7. Gas sensing mechanism substantiated by in-situ DRIFTS techniques in case of 
CuO/ZnO and CuO/BaTiO3 confirmed formation of copper carbonate in presence of 
CO2 gas.  
8.  Role of oxygen vacancies during sensing mechanism was validated by performing 
in-situ UV-DRS technique on Ag@ CuO:Cu2O/SnO2 composite. 
 
The nanostructured potentiometric sensor proposed and developed here was custom 
fabricated for selective and ultra-sensitive detection of CO2 gas, where the design was based 
on the extensive literature review and existing commercial models. Hence, as a sample case 
study it was compared with the similarly fabricated sensor using commercially procured 
materials to prove that the effective nanostructured materials aided in enhancing 
electrochemical stability and sensing performance in dry and wet conditions. MOS based 
chemo-resistive CO2 gas sensors were developed and several critical investigations were 
performed to explore their suitability from real world application point of view, these include: 
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1. Study of growth mechanism of the novel nanomaterials employed as sensing layer 
aided by extensive analysis using FE-SEM and HR-TEM supported by X-ray 
diffractograms. 
2. Oxygen vacancies analysis aided by micro-Raman, PL and XPS analysis, a highly 
important prerequisite for gas sensing applications. 
3. Optimization of operating temperature, p/n composite ratio, weight percentage of Ag, 
CO2 gas concentration for sensor operation. 
4. Analysis of response/recovery times, repeatability, long-term stability and precision 
measured for an extended period of continuous CO2 gas sensing tests. 
5. Calculation of experimental and theoretical limit of detection (LoD), co-efficient of 
detection (R2), repeatability (%), recovery (%) and accuracy (%). 
6. Cross-interference tests to prove sensors selectivity towards similar gases such as 
SO2, NO2, NO and CO. 
7. Conducting-AFM, current-voltage (I-V) curves and other electrical characterization 
for the developed sensitive layer to verify p/n heterojunction and effective role of 
Schottky junction during the sensing mechanism.  
8. Evaluation of crystal structure, chemical composition and morphology for samples 
before and after continuous sensing tests towards CO2 gas. 
 
Briefly, in the following sections the major findings of this thesis work and recommendations 
for future work are summarised. 
 
8.2 CONCLUSIONS 
 
Based on the results delivered in this thesis, major findings and outcomes from this research 
can be summarised in the following points: 
1. It was successfully demonstrated that {111} faceted Li4Ti5O12 octahedra enhances the 
electrochemical stability. The potentiometric sensor showed impressive improvement 
in ΔEMF/dec upon nanostructuring the sensor element compared to commercial 
Li2TiO3 phase. The sensor showed an equitable Nernstian behavior (n = 1.99) and the 
electromotive force was linearly dependent on the logarithm of CO2 partial pressure 
over a range of 100 – 10000 ppm at an operating temperature of 500oC with 
response/recovery times being 5 and 16 s, respectively. Long-term repeatability over 
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an extended period in both dry and humid air tested individually for nearly 45 days 
was demonstrated.  
2. The developed chemo-resistive sensors upon decorating the n-type metal oxide 
semiconductor with Ag@CuO showed improved sensing performance ~10 times 
higher compared to their response magnitude compared to their control counterparts. 
Further, these sensors were observed to operate at wide range of operating 
temperatures and CO2 gas concentrations.  
3. A general trend observed in case of chemo-resistive sensors was that sensitivity 
increased with increase in operating temperature, CO2 gas concentration, CuO mol.% 
and Ag wt.%. Briefly, Table 8.1 summarizes the chemo-resistive CO2 sensors 
fabricated and investigated under similar conditions. 
 
Table 8.1: A summary of Ag@CuO based n-type MOS chemo-resistive sensors developed 
during the course of thesis work. 
 
Sensitive Material T(oC) Sensitivity 
(%)  
Gas Conc. 
(ppm) 
Response/ 
Recovery times 
(s) 
Stability 
(days) 
Ag@CuO/ZnO 
(Chapter 5) 
320 34 1000 76/265 40 
Ag@CuO:Cu2O/SnO2 
(Chapter 6) 
300 44 1000 54/208 60 
Ag@CuO/BaTiO3 
(Chapter 7) 
120 42 700    3/8             180  
   
4. Among the MOS based chemo-resistive sensors fabricated and tested, BaTiO3 sensor 
showed improved performance in terms of sensitivity, response times, stability and 
repeatability. For example, the Ag@CuO/BaTiO3 based sensor showed highest 
response/recovery times (5 and 18 s) compared to Ag@CuO/ZnO (76 and 265) and 
Ag@CuO/SnO2 (30 and 85 s). Further, Ag@CuO/BaTiO3 showed best long-term 
repeatability of 180 days compared to 40 and 60 days exhibited by Ag@CuO/ZnO 
and Ag@CuO/SnO2. Additionally, BaTiO3 sensor was able to detect CO2 
concentrations as low as 700 ppm compared to 1000 ppm of CO2 gas by ZnO and 
SnO2 based sensors. 
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5. Cross-interference and long-term stability performances of CO2 sensors were rarely 
reported by other research groups. In this thesis work, sensing experiments were 
conducted to confirm selectivity and stability parameters. Briefly, Table 8.2 
summarizes the sensor characteristic for the developed chemo-resistive sensors. 
 
Table 8.2: A summary of sensor characteristics calculated for the chemoresistive CO2 sensors 
investigated during this thesis work.  
 
Sensing Parameter 1%Ag@CuO/ZnO 
(Chapter 5) 
1%Ag@CuO:Cu2O/SnO2 
(Chapter 6) 
1%Ag@CuO/BaTiO3 
(Chapter 7) 
Recovery (%) 97 97   80 
Repeatability (%) ~95.5 ~98 ~98 
Accuracy 
(Contingency- ±20%) 
~86 ~82 ~96 
Average Error  
(Measured from ±σ) 
0.96 0.87 0.86 
CoV (%) ~4.5 ~2 ~2 
R2  ~0.997 ~0.9996 ~0.996 
Experimental  
LoD (ppm) 
100 100 100 
Operating 
Temperature (oC) 
320 300 120 
Gas Conc. (ppm) 1000 1000 700 
  
6. Interestingly, it was observed that the different n-type metal oxide semiconductors based 
chemo-resistive sensors provided several advantages over each other. One sensitive layer 
could be chosen over another based on the type of applications requiring the typical 
property where a trade-off could be achieved among selectivity, synthesis routes, 
repeatability, LoD etc. For example, the ZnO and SnO2 based sensors involved simple 
and green chemistry synthesis routes having low environmental impact and showed 
improved selectivity (against common interfering gases such as NO2, SO2, NO and CO). 
Further, pristine ZnO and SnO2 base matrix showed highest effective surface area (320 
and 85 m2/g). Although, BaTiO3 base matrix had low surface area (13 m2/g), it 
performed well at an operating temperature of 120oC and was ultra-sensitive to 700 ppm 
of CO2 gas upon decoration with Ag@CuO. Thus, there lies a lot of potential to enhance 
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the surface area and make the BaTiO3 work at lower operating temperatures within 
acceptable sensitivity levels. 
7. DRIFTS technique substantiated reversible reaction of CO2 with CuO to form respective 
carbonates species (CuCO3) thus enabling a sensor with regeneration capability.  
8. UV-DRS technique substantiated important role of oxygen vacancies in enhancing the 
sensing mechanism in the presence of CO2 gas, in agreement with the micro-Raman, 
XPS and photoluminescence data. 
9. Overall, the sensors developed in this work with different nanomaterials, sensor design 
and configuration can be implemented for various ranges of sensing applications 
depending on operating temperature, LoD and sensitivity.  
In summary, this thesis work resulted in a number of novel and significant contributions to 
the nanomaterials synthesis and CO2 gas sensing applications. Various accomplishments 
and achievements have been made by the author as a result of the work conducted. Five 
research papers have resulted from this thesis work, which have been published in peer 
reviewed journals and presented at four international conferences. These refereed 
manuscripts and conference proceedings are published in: RSC Advances, Journal of 
Materials Chemistry A, ACS Applied Materials & Interfaces, Inorganic Chemistry 
Frontiers, ISPTS 2015, IEEE NEMS 2017, ACS Publicity Meeting 2017 Chemeca 2017 
and ICONN 2018. Additionally, the author also contributed substantially in fulfilling 
requirements of successful completion of two flagship projects namely, Materials to 
Devices (M2D CSC-0134) and Intel-COAT (CSC-0114), administered by CSIR-Indian 
Institute of Chemical Technology, India.  
 
8.3 RECOMMENDED FUTURE WORK 
 
Throughout the course of this thesis work, several novel concepts showing tremendous 
research potential were identified which could be recommended for future work. These areas 
of interest can be summarised as below: 
1. In case of nanostructured potentiometric, Li2CO3 can be mixed with other nanostructured 
carbonates such as Bi2O3, B2O3, Al2O3 and SiO2 in stoichiometric ratios to form binary 
carbonate auxiliary phases for stable sensing performance in humid conditions. Further, 
this type of sensor could be made to operate at lower temperature by addition of polymer 
additives.  
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2. Effect of other electrode materials such as LiMnO4, LiCoO4 and LiNiO4 nanomaterials 
on electrochemical stability can be undertaken. These materials have shown exceptional 
lithiation and delithiation capabilities in Li+ ion battery applications which can be 
extended to potentiometric sensors as well. Results obtained from such studies will 
provide bright future in the potentiometric based CO2 sensor technology. 
3. Study of chemo-resistive sensor performance in wet conditions and in presence of other 
interfering gases such as hydrogen (H2), hydrogen sulphide (H2S) and volatile organic 
compounds (VOCs) (i.e. ethanol (C2H6O), formaldehyde (CH2O) etc) can be carried out 
and will provide further evidence of the feasibility of the sensors in the industrial 
applications. 
4. Functionalization of the as-synthesized n-type metal oxide semiconductors with other p-
type oxides such as NiO, MgO, CeO2, Co3O4 and CaO to continue the quest to develop 
novel composite for highly sensitivity and selective CO2 gas detection. These oxides 
have shown tendency to form derived carbonates in presence of CO2 gas. It is anticipated 
that employing these metal oxides can lower the operating temperature and exhibit 
improvement in sensing performance compared to the ones studied in this thesis work. 
Further, it will provide an insight into the sensing mechanism and chemical reaction 
pathways and help in development of future CO2 gas sensors for industrial applications. 
5. This work focussed on using thermal activation as energy source, but future work 
wherein the sensing performance of heterostructured composites such CuO/ZnO, 
CuO/SnO2 and CuO/BaTiO3 under visible light activation (since these have band-gap in 
visible range (400-700 nm) can be undertaken to make them more convenient and cost 
effective. 
6. Furthermore, given the ease of synthesis and sensor element fabrication, the developed 
chemo-resistive micro-sensors can be employed as multiple sensors housed in single 
chamber and used for multiple applications, thus operating at various temperatures and 
detecting CO2 gas at different concentrations, thereby making it feasible to almost all 
industrial conditions. 
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